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Electrophysiological study on the swimming performance of fish  
for capture technology development 
 
Electrophysiological study on swimming performance of jack mackerel (Trachurus 
japonicus) and bluefin tuna (Thunnus orientalis) was conducted for the purpose to 
understand the capture process for better fishing strategy. The swimming performance of 
fish categorized as sustainable, prolonged and burst speed, as key factors for determining 
the best strategy of mobile fishing gear such as trawl net to confirm higher catchability and 
selectivity in fishing technology. The estimation of the maximum swimming speed was 
also done by measuring the muscle contraction time. Electrocardiography (ECG) and 
electromyography (EMG) technique were used to investigate temperature and fatigue 
effect on the physiological condition such as the heart rate and muscle activity during and 
after swimming exercise of jack mackerel toward the fishing gear, and to assess the scale 
effect on swimming performance of bluefin tuna in the farming system. 
1) Temperature and fatigue effect on the maximum swimming speed of jack mackerel 
Trachurus japonicus 
Swimming performance of jack mackerel Trachurus japonicus (18.2 ± 0.8 cm fork 
length (FL), n = 185) was examined in a flume tank by measuring the stride length at low 
and high tail beat frequencies with electromyogram (EMG) monitoring and a muscle 
twitch experiment. Stride length was analyzed by monitoring the tail beat frequency 
according to the swimming speed at different temperatures of 10, 15 and 22
○
C. Through 
the electromyographic observations, the initiation of ordinary muscle activity occurred 
between 71.4 cm/s and 99.6 cm/s, that is 3.7 to 5.3 FL/s, when the tail beat frequency was 
over 6 Hz. The swimming speeds increased rectilinearly with the tail beat frequency at 
ix 
  
each water temperature both for the low and high tail beat frequency. Lower stride length 
was observed at the lowest temperature (10
○
C) tested. The forced swimming exercise 
significantly affected the muscle contraction time to become longer than the control fish, 
which indicated a reduction of the maximum swimming speed performance after full 
exhaustion due to the high speed and longer duration of swimming.  
2) Temperature effect on heart rate of jack mackerel Trachurus japonicus, during 
swimming exercise 
Heart rate of jack mackerel (18.3 ± 1.2 cm fork length (FL), n = 24) was examined 
through forced swimming exercise in a flume tank by 10 minute step-up protocol of speed 
levels in 1.5–6.0 FL/s range at different temperatures of 10, 15 and 22○C. 
Electrocardiograph (ECG) monitoring was conducted by comparing the heartbeat pattern 
in still water without flow as a control, and continuously during exercise by speed levels 
until fatigue, and during the recovery phase. Average heart rates in the control at each 
temperature were 36.5 beats/min at 10
○
C, 56.1 beats/min at 15
○
C, and 75.2 beats/min at 
22
○
C. The heart rate of jack mackerel significantly increased as the swimming speed 
increased in each temperature. At the lower swimming speed of 1.5–2.4 FL/s as the 
sustained speed, the heart rate was the same level to the control value at each respective 
temperature. The heart rate started to increase at the swimming speed of 2.3−2.5 FL/s at all 
temperatures. The higher heart rate in range of 150–200 beats/min was achieved at the 
swimming speed of 6.0 FL/s at 22
○
C. The recovery time after the maximum heart rate at 
high speed became longer at high temperatures.  
3) Simultaneous monitoring of heart rate and white muscle performance during 
swimming of jack mackerel Trachurus japonicus, in different temperatures 
The physiological condition of jack mackerel (18.3 ± 1.2 cm fork length (FL), n = 
24) was simultaneously monitored using electrocardiography (ECG) and electromyography 
(EMG) techniques during swimming exercise in the flume tank at different temperatures of 
x 
  
10, 15 and 22
○
C. EMG monitoring demonstrated that the activity of ordinary muscle at the 
lowest temperature (10
○
C) was firstly occurred at the swimming speed of 3.2–3.5 FL/s, 
slower than those at 15 and 22
○
C as 4.0–5.4 FL/s, for determining the threshold level as the 
maximum sustained speed. Ordinary muscle became active which resulted in the frequency, 
amplitude and duration of burst discharge from these muscles increased with increase in 
swimming speed. ECG and EMG monitoring showed that the heart rate was started to 
increase in the sustainable speed before the threshold and highly increased up to the 
maximum level of heart rate at the higher speed. The power output of ordinary muscle at 
the lowest temperature of 10
○
C was lower than those at higher temperatures of 15 and 
22
○
C. The heart rate increased with increasing of the power output of ordinary muscle for 
all temperatures. 
4) Portable system for measuring muscle contraction time 
The muscle contraction time of fish can be the good index for swimming capability 
to estimate the maximum swimming speed, by defining the maximum tail beating 
performance. The muscle contraction time of jack mackerel, Thachurus japonicus (18.1 ± 
0.8 cm fork length (FL), n = 15) was measured with newly developed portable system and 
compared with the conventional set-up with the electric stimulation pulse from the 
generator and battery system. The muscle contraction profile was not different among each 
measurement even with the different pulse patterns of electric stimulation between portable 
and conventional set up. Time duration and the pulse pattern of the electric stimulus do not 
affect the muscle contraction time. The portable system can be used to measure the muscle 
contraction time of fish for the field experiment and onboard the fishing boat without 






5) Scale effect on the swimming performance of bluefin tuna Thunnus orientalis  
To determine the swimming performance of bluefin tuna, we conducted a series of 
swimming observation in the holding tank and cage, together with swimming monitoring 
in the flume tank and muscle twitch experiment to estimate the maximum swimming speed. 
Swimming observation in the keeping tank was conducted for 2.5−4.8 cm total length (TL) 
(30 days after hatching) by high speed video camera with 120 frame/s. Underwater video 
observation in the cage was also conducted for adult size 100 cm TL and for 2 sized 
juvenile groups as 15-20, 30−40 cm TL. Besides, the swimming performance of small 
juvenile (2.5−4.8 cm TL) and large juvenile (20.2−23.4 cm TL) was monitored in a flume 
tank. The free swimming in the keeping tank was also recorded in order to describe the 
relationship between swimming speed (U) and tail beat frequency (F). The swimming 
speeds plotted against tail beat frequency for each size group show rectilinear correlation. 
Swimming coefficient or stride length for free swimming of small juvenile in the keeping 
tank was 0.48, which was much smaller at swimming in the flume tank as 0.72. Swimming 
coefficient in the cage was ranged as 0.68−0.87 for 20−100 cm TL. The muscle twitch 
experiment was conducted for different sizes for the estimation of maximum swimming 
speed, so as to 0.7 m/s for 2.5−4.8 cm TL and increase with the size as 2.5 m/s for 15−20 



















1.1 Swimming performance related to capture process 
The swimming performance is considered as main trait determining fitness in many 
aquatic animals (Plaut, 2001). Swimming is the only alternative for most aquatic prey to 
escape from predator, so that the swimming capacity is directly related to food capture, 
habitat shifts and reproduction (Webb 1994; Videler 1993). The swimming capability of 
fish plays an important role in determining the selectivity and efficiency of capture by 
mobile fishing gear (Winger et al., 1999; He, 2008), such as trawl, purse seine and seine 
net.  
Swimming performance of fish depends on a variety of biological and physical 
factor (Webb, 1975). Firstly, it is species specific in a way that body shape (Lindsay, 1978), 
fin form (Videler, 1993; Plaut, 2000), muscle function (Rome et al., 1988; Altringham and 
Ellerby, 1999) and swimming mode (Blake, 1983) determine the swimming performance. 
Secondly, absolute swimming speed increases with fish size (Webb, 1976; Beamish, 1978). 
Thirdly, in ectotherms (a cold-blooded animal) the swimming performance is temperature-
dependent (Wardle, 1980; Taylor et al., 1996; Weiser and Kaufmann, 1998; Ojanguren and 
Braǹa, 2000, Yanase et al., 2007). Swimming performance also depends on the ontogenic 
(based on the visible morphological characters) stage of fish (Hale, 1999; Takahashi et al., 
2010). Additional environmental factors influencing the swimming speed of individual fish 
have been reviewed by Randal and Brauner (1991) and Videler (1993).  
Temperature is one of the most important physical factors that affected the 
swimming performance. Increases in temperature have been shown to improve swimming 
performance by enhancing metabolic rates (Claireaux et al., 2000), cardiac performance 
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(Farrel et al., 1996; Blank et al., 2004), fish movement (Fuiman and Batty, 1997), and 
muscle contractility (Rome et al., 1990; Yanase et al., 2007). Temperature change is affect 
the swimming performance of the fish such as the endurance time (Nofrizal et al., 2009) 
and the maximum swimming speed (Arimoto et al., 1993, Özbilgin and Wardle, 2002, 
Yanase et al., 2007), while the swimming endurance and maximum swimming speed plays 
an important factor affecting their chances of escaping from mobile fishing gear such as 
trawl and purse seine.  Differences in swimming speed and endurance at different water 
temperatures influence the herding of the fish by sweeps, the ability of the fish to keep 
station with the trawl at the mouth area, and escape of fish in the codend (He, 1993).  
The fish using prolonged and burst swimming speed to avoid and escape from 
capture process. They are going to be exhausted as well as severely stressed during this 
process. This may evoke mortalities, which have been attributed to stress associated with 
various capture stressors even if the fish were able to successfully escape from capture. 
The physiological conditions of fish during capture process and after exhaustion from 
severe swimming exercise have not been fully examined. Therefore, to investigate the 
physiological condition of the fish during swimming exercise is necessary for improving 
the selectivity and cacthability of the mobile fishing gear. 
 
1.2 Swimming performance related to aquaculture  
 In the aquaculture system the swimming performance can be used as the index for 
checking the health condition of fish. Reduction in swimming performance has been used 
as a non-lethal means of evaluating the functional capabilities of fish. The swimming 
performance decreases with toxicant exposure (Farrel et al., 1998; Jain et al., 1998) and 
with loadings of parasites (Butler and Milleman 1971), fungus (Jain et al., 1998), bacteria 
(Swanson et al., 2002). The fish are classified as sick, which include the condition of 
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damaged internal organs such as heart infection, gill infection and gill wounds, had a lower 
performance of post-exercise and were not able to repeat their critical swimming speed on 
the second swim test (Tierney and Farrel, 2004). Moreover, Jain et al. (1998) proposed that 
if the swimming ability also related to autopsy-based health indices, then the ability of fish 
to recover quickly and repeat a critical swimming speed test is useful as non-lethal 
indicator of fish health.  
 Swimming performance of fish also can be good information for designing the tank 
or cage (Sabate et al., 2013). Tank wall collision is one of the major causes of mortality 
during early-stage of rearing pacific bluefin tuna (PBT), Thunnus orientalis (Miyashita et 
al., 2000). Therefore, to design a rearing environment that meets the needs juvenile PBT, it 
is important to gather information about swimming capabilities (Sabate et al. 2013) such as 
the maximum sustainable speed, endurance time, and the maximum swimming speed.  
Based on that information, the study on the swimming performance of bluefin tuna 
are still needed to improve the successful tuna farming. In this study we considered the 
swimming performance of the fish in early stage of juvenile PBT in the keeping tank and 
swimming performance of the fish in the cage. 
 
1.3 Jack mackerel as a target species 
The Jack mackerel (Trachurus japonicus; Japanese name, ma-aji) is the one of the 
most important species as commercial fishery resources in Japan, Korea, and Taiwan 
(Sassa et al., 2006; Lu et al., 2013; Yoda et al., 2014). Japan has the largest production of 
jack mackerels since 1950, the maximum production was 570,000 tons, and the annual 
average is 236,000 tons. The catch in 2007 in China also reached 186,000 tons (Yoda et al, 
2014). The total landing catch of jack mackerel Japan was reported 101,492 t in 2013 
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(SDBS Website: http://www.maff.go.jp/e/tokei/kikaku/monthly_e/ Accessed 20 April 
2014), thus the economic value of jack mackerel cannot be underestimated.  The jack 
mackerel mainly caught by purse seine, another fishing gear is trawl net, set-net, gill net, 
and seine net (Lu et al., 2013). 
Jack mackerel is distributed on the continental-shelf waters in areas affected by the 
Tsushima Warm Current and Kuroshio Current. In the East China Sea (ECS), the species is 
distributed mainly on the continental-shelf waters off Kyushu, Japan to the northern waters 
of Taiwan (Yoda et al., 2014). The depth of the spawning ground of jack mackerel is 100-
200 m, the suitable water temperature for spawning fish is 15−25○C, and the suitable 
hatching temperature is 18−24○C (Ochiai et al., 1983; Yoda et al., 2004). Temperature 
effect on the swimming performance of jack mackerel has been reported by Xu (1989), and 
Nofrizal, 2009. However, the detail information about the physiological condition during 
and after swimming exercise has not fully examined. 
 
1.4 Pacific bluefin tuna (PBT) Thunnus orientalis 
The Pacific bluefin tuna (Perciformes: Scombridae) is a large migratory fish that is 
of great importance as an aquatic living resource and cultivated fish because of its high 
commercial value (Matsuura et al., 2009).  Pacific bluefin tuna (Thunus orientalis) is 
considered as a main market tuna species because of their global economic importance and 
the international trade for canning and sashimi, raw fish being regarded as a delicacy in 
Japan and more recently also in other countries (FAO, 1997). The growing economic 
importance of bluefin tuna and the imperative need to supply on market demand, causing 
the increased catch amount of tuna and also increased number of tuna farms. The natural 
stock of the Pacific bluefin tuna is decreasing because of the capture of adult fish as food 
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(Safina, 2001) and capture of juvenile and young fish as a seed for farming. Based on this 
problem, seedling production of the fish has become increasingly essential to satisfy both 
the need to preserve the natural stock and the need to maintain stable supplies for fish 
farms (Miyashita, 2002).  Bluefin tuna aquaculture is high commercial value and is carried 
out in many countries around the Mediterranean Sea, Mexico, Australia, and Japan. 
However, as most aquaculture industries are dependent on wild captured juvenile or young 
adult tuna, the negative impacts of aquaculture on the management of this stock have been 
reported (Miyake et al., 2003, Fukuda et al, 2010). 
The main problem in bluefin tuna aquaculture is high mortality of juvenile tuna 
when transferred to net cages. These problems include floating death, sinking death, 
cannibalization of post-flexion larvae by juvenile stage fish, and death by collision, skin 
injury, and other reasons among juveniles and the young (Miyashita 2001, Ishibashi, 2009). 
Mortality level of bluefin tuna is higher from wild captured than hatchery-reared juvenile 
(Miyashita, 2001). Torisawa et al. (2007) showed that collision mortality is related to the 
growth stage.  
 
1.5 Objectives of studies 
Electrophysiological study was conducted for the purpose to understand the 
swimming performance and behavior response of jack mackerel (Trachurus japonicus) in 
capture process and of bluefin tuna (Thunnus orientalis) in the fish farming.  
Electrophysiological technique was used to investigate the physiological condition such as 
the heart rate and muscle performance during and after swimming exercise of jack mackerel 
toward the fishing gear and to assess the swimming performance of bluefin tuna in the 
farming system. The swimming performance of fish as sustainable, prolonged and maximum 
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speed can be a key factor for determining the best designing of keeping tank or cage in fish 
farming, as well as of mobile fishing gear such as trawl net to confirm higher catchability 
and the selectivity in fishing technology. To achieve this purpose, a series of experiment was 
carried out, as following: 
1. Temperature and fatigue effect on the maximum swimming speed of jack 
mackerel. This study is concerned to describe the understanding of the physiological 
condition of fish after becoming exhausted during capture process of trawl net in 
different temperatures. 
2. Temperature effect on heart rate of jack mackerel during swimming exercise. In 
this study, the heart rate was measured as a relative index to quantify the 
physiological condition of the fish during swimming exercise while encountering by 
a mobile fishing gear and the exhaustion level after becoming exhausted from the 
capture process.  
3. Simultaneous monitoring of heart rate and ordinary muscle performance 
during forced swimming of jack mackerel in different temperature. The 
objective of this study is to examine the heart rate and ordinary muscle activity at 
different temperatures by simultaneous monitoring of electrocardiogram (ECG) and 
electromyogram (ECG) during forced swimming trials in the flume tank.   
4. Portable system for measuring muscle contraction time. The purpose of this study 
is to develop the modern device of measurement muscle contraction time with a data 
recorder with the battery system for the field experiment onboarding small fishing 
boat. 
5. Scale effect on the swimming performance of bluefin tuna. In order to obtain some 
preliminary information on their swimming ability in the tank or cage and in the 




Temperature and fatigue effect on the maximum swimming speed of jack 
mackerel Trachurus japonicus 
 
2.1 Introduction 
The swimming ability of fish is one of the most important factors affecting their 
chances to escape from fishing gear. Fish can escape from fishing gear by using their 
maximum capacity of swimming speed and endurance time (He, 2008). The burst 
swimming speed is an instantaneous ability of fish that is induced by the mobile fishing 
gear stimuli when the fish recognizes an approaching fishing gear or when escaping from 
capture by passing through a modified part of fishing gear (Wardle, 1986). In order to 
remain stationary relative to the gear and then to pass out of a fast moving codend, the 
undersized fish have to swim at or very close to their maximum swimming speed, but this 
capacity is considerably limited at colder temperatures (He, 1993). Temperature changes in 
muscle affect the mechanical power output, hence the swimming performance (Rome and 
Swank, 1992; Rome et al., 1992). Wardle (1975, 1977 and 1980) reported that the 
contraction time of white muscle is shortened as the water temperature increased. Higher 
muscle temperatures permit higher frequencies of contractions and increased average 
power output during repeated contractions, such as swimming (Brill and Dizon, 1979).  
 The maximum swimming speed is achieved by a product of the optimal possible 
forward distance moved by one complete tail beat cycle from one extreme position to the 
other, hence stride length and the highest possible tail beat frequency (Videler and Wardle, 
1991). However, the blood oxygen-carrying capacity reduced by exhaustive exercise will 
result in a considerable decrease in this maximum capacity of the swimming speed (Randal 
and Brauner, 1991). Moreover, a particular degree of exhaustion serves as a trigger for a 
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change in behavioral response of the fish to a trawl gear (Özbilgin and Wardle, 2002). 
Examination of muscle physiology can determine the level of swimming speed and 
endurance until exhaustion caused by forced swimming inside the towed fishing gear 
(Arimoto et al., 1993). While temperature-dependent swimming performance in fishes has 
extensively been studied (Wardle, 1980; Özbilgin and Wardle, 2002), little is understood 
regarding the temperature effect on swimming performance following exhaustive exercise. 
As a way of further understanding of physiological condition of fish after becoming 
exhausted during capture in fishing gear, we have assessed the muscle contraction time of 
the jack mackerel Trachurus japonicus after experiencing exhaustive exercise under 
laboratory conditions and discuss how this would influence the maximum capacity of the 
fish to escape from the fishing gear at different temperatures. 
 
2.2 Materials and Methods 
2.2.1 Experimental fish 
Jack mackerel of fork length (FL) of 18.2 ± 0.8 cm (average ± SD, n = 185) were 
obtained from keeping cage in Numazu Bay, Shizuoka, Japan. Fish were kept in a 
rectangular fiberglass tank (length, 200 cm; width, 90 cm; height, 100 cm), where 
sufficient aeration was provided, for a minimum of 10 days prior to the experiments. Each 
individual was used for only one time experiment. The quality of the water in the holding 
tanks was maintained using a bio-filtering circulation system. The fish were fed on fish 





2.2.2 Preliminary data collection for electromyogram (EMG) during 
swimming  
The ordinary muscle activity of jack mackerel (18.3 ± 1.0 cm FL, n = 12) during 
swimming in the flume tank (West Japan Fluid Engineering Laboratory, PT-70) with a 70 
cm  30 cm  30 cm (width  depth  length) test section was monitored using an 
electromyography (EMG) technique at temperatures ranging from 13.6–18.8○C. The high 
tail beat performance was determined as swimming speed at which EMG signals were 
initially recorded from ordinary muscle. Based on the EMG results for identifying the 
threshold between sustained and prolong speeds (Xu et al., 1993), the swimming speed was 
categorized into two groups: low and high tail beat frequency. 
The electrodes of insulated stainless steel wires (MT Giken) of 10 mm in length 
and 0.2 mm in diameter were connected with insulated copper wire cables (Tsurumi Seiki, 
T-GA XBT cable) leading to a digital oscilloscope (Iwatsu, DS-5102) via a bio-amplifier 
(Nihon Kohden, Bio-electric Amplifier AB-632J).  A pair of electrodes for EMG 
measurements was implanted into the lateral muscle under anesthesia with 0.008% solution 
of FA100. To prevent the electrodes from vibrating as a result of body movements, the 
wire cables were sutured to the base of the second dorsal fin using the procedure described 
in the previous papers on the EMG measurement protocol (Xu et al., 1993; Amornpiyakrit 
and Arimoto, 2007). 
After the implantation of electrodes and recovery for 180 min from anesthesia, each 
fish was forced to swim at given speeds ranging from 14.2 to 142.5 cm/s (14.2 cm/s 
incremental steps every 20 min). The EMG recording was done at each flow velocity for 





2.2.3 Swimming speed and tail beat frequency 
Tail beat frequency and temperature effect on the stride length was assessed 
through the swimming speed trials in the flume tank, after more than two days of 
acclimation to the desired temperatures of 10, 15 and 22
○
C in a holding tank. During the 
experiment, the water temperature of the experimental flume tank was maintained at the 
desired temperature using a digital thermo-controller (REI-SEA, TC-100, Japan). A 
schematic diagram of the experimental system is given in Fig. 2.1. 
The jack mackerel (18.2 ± 0.8 cm FL, n = 125) that was randomly selected from the 
holding tank were individually introduced to a test section of the flume tank. After 10 min 
and a subsequent 30 min adaptation to the still-water and slow-flow (14.2 cm/s) conditions, 
the flow speed was elevated in increments of 14.2 cm/s every 20 min until the fish reached 
fatigue (Xu et al., 1988; Nofrizal et al., 2009; Jain and Farrel, 2003). We determined that 
the fish reached fatigue when the fish could not counteract the increase in the flow speed 
and come into contact with the downstream screen mesh and stop to swimming. The fish 
behavior during swimming was recorded using a video camera (Casio, EX-F1) that was set 
100 cm above of the test section.  
 To measure the tail beat frequency, the video data was transferred to a computer 
and was analyzed progressively frame by frame. The image sequences were selected for 
analysis where the fish showed steady swimming by keeping the position constant relative 
to the flow. Meanwhile, the swimming speed of fish was assumed to be equal to the flow 
speed. The stride length was measured during steady oscillations of the tail movement. 
One complete tail beat cycle was defined by the motion of the tip of the caudal fin from 
one extreme position to the initial position, and frequency was the number of beats per 
second (Hz). In order to determine the tail beat frequency vs. swimming speed relationship, 
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a linear regression line was fitted to the data set at each water temperature for analyzing the 
stride length (k) as so-called swimming coefficient (Videler and Wardle, 1991).  
 
3.2.4 Muscle contraction time 
Forty-eight fish (18.6 ± 1.0 cm FL, n = 48) were used to assess the temperature and 
swimming exercise effect on the muscle contraction time. The fish were divided into two 
groups at three temperatures of 10, 15 and 22 
○
C: the control group without exercise that is 
the fish were directly used from a holding tank as 18.4 ± 0.5 cm FL (n = 8) for 10
○
C, 18.6 
± 0.9 cm FL (n = 8) for 15 
○
C and 18.3 ± 1.6 cm FL (n = 8) for 22 
○
C, and the exercise 
group that experienced forced swimming at comparative temperatures as 19.3 ± 1.2 cm FL 
(n = 8) for 10
○
C, 18.4 ± 0.7 cm FL (n = 8) for 15
○
C, and 18.7 ± 0.9 cm FL (n = 8) for 22
○
C. 
The swimming exercise was induced in the flume tank using the step-up speed protocol 
described above, and in Jain and Farrel (2003), Beamish (1984) and Brett (1964). 
Immediately after the fish reached fatigue due to the swimming exercise, the fish was 
removed from the test section of the flume tank and was immediately killed to sever 
vertebral nerve reflexes for the muscle twitch experiment (Yanase et al., 2007). 
The experimental apparatus for measuring muscle contraction time is shown in Fig. 
2.2. The selected position of the fish body was pierced with two needles of 7 mm distance 
attached to the specially designed muscle twitch transducer. A 2 V stimulation pulse was 
delivered from an electric stimulator (Nihon-Kohden, SEN-2201) to the muscle for 2 ms 
duration via the needles of the transducer. The muscle responded by contracting and 
bending the acrylic plate of the transducer, which changed the resistance of the attached 
strain gauge (Kyowa, Type KFWS-2N-120-C1-11L3M2R). The strain force loaded on the 
strain gauge was transformed to the electric resistance by a strain-amplifier (Kyowa, DPM-
1102) and was indicated on an oscilloscope (Iwatsu Electric, DS-5102). The elapsed time 
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from delivery of the pulse to the peak resistance is defined as the muscle contraction time 
(Arimoto et al., 1993).  
In order to assess the body position effect on the muscle contraction time, five body 
parts of equal distance from the snout were determined between the gill slit and the caudal 
peduncle (Fig. 2.2). To minimize the measurement error, measurements for each body part 
were repeated three times, with interval durations of 5 s at shortest in a maximum duration 
of 60 s. The shortest recordings of the contraction time collected in each position were 
averaged for 8 individual tested, for subsequent analysis for the maximum swimming 
speed at the three temperatures of 10, 15 and 22
○
C. The maximum tail-beat frequency 
(Fmax) was calculated from the minimum muscle contraction time (Tmin), using the equation 
F = 1/(2T), after a previous study by Wardle (1975), as twice the twitch contraction time is 
the minimum duration time for one tail beat cycle by using the results near the head part as 
suggested by Videler (1993) that the power generated by the rostral muscles at the anterior 

















































Fig. 2.2 Apparatus used for measuring the muscle contraction time, with location of the 












2.3.1 Preliminary data collection for EMG during swimming  
Fig. 2.3 shows that the selected EMG signal observations for a 17.9 cm FL fish 
with a step-up protocol of flow speed at 15.6
○
C water temperature. The threshold 
swimming speed was considered to be between 57.2 and 71.4 cm/s. The results of the 
EMG recordings during the forced swimming for 12 jack mackerels demonstrated that the 
initiations of ordinary muscle activity occurred between 71.4 cm/s and 99.6 cm/s as to be 
3.7 to 5.3 FL/s for the FL ranged of 16.8–20.1 cm. At an average swimming speed of 4.3 ± 
0.6 FL/s, the ordinary muscle activity was progressively recruited and gradually increased 
with increasing swimming speed. The relationship between tail beat frequency and EMG 
frequency for 12 individuals is shown in Fig. 2.4, which indicates that the ordinary muscle 
started to be activated at a tail beat frequency of 6 Hz. The results from the EMG analysis 
were used to categorize the swimming exercise into two categories: one is a low tail beat 
frequency for F < 6 Hz and the other is a high tail beat frequency for F ≥ 6 Hz. 
 
2.3.2 Swimming speed and tail beat frequency 
The swimming speed increases rectilinearly with the tail beat frequency at each 
water temperature (Regression analysis, P < 0.01) both for low tail beat frequency and high 
tail beat frequency as shown in Fig. 2.5. The stride length (k), at the lower tail beat 
frequency (F < 6 Hz), was 0.68  0.05 at 10○C (n = 41), 0.71  0.07 at 15○C (n = 41), and 
0.69  0.05 at 22 ○C (n = 41), which were significantly smaller than the results at the 
higher tail beat frequency (F ≥ 6 Hz) as 0.71  0.04 (n = 41) at 10○C, 0.77  0.10 (n = 41) 
at 15
○
C and  0.75  0.09 (n = 41) at 22○C (two-way ANOVA, P < 0.01, followed by a 
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post-hoc Tukey multiple comparison test: P < 0.01). Therefore in order to calculate the 
maximum swimming speed, k at the high tail beat frequency was used. Among the three 
temperatures, the stride length (k) of the cooler temperature (10
○
C) was significantly 
shorter than the warmer temperatures (15 and 22
○
C), however the difference between the 
warmer temperatures of 15 and 22
○
C were not significant (Tukey HSD multiple 
comparisons: P < 0.01 between 10 and 15
○
C, P < 0.01 between 10 and 22
○
C, P = 0.88 




2.3.3 Muscle contraction time 
Fig. 2.6 shows the muscle contraction time at the 5 longitudinal positions on the 
lateral muscle. The muscle contraction time of the non-exercised control fish was 
significantly longer towards the tail (regression analysis, P < 0.01). This trend was 
consistent within the exercised treatment fish at 10 and 22
○
C (regression analysis, P < 
0.01). However, the muscle contraction time of treatment fish at 15
○
C was independent of 
the longitudinal position (regression analysis, P = 0.07).  
Temperature and exercise effects on contraction time were compared using the 
shortest recording measured at the anterior position. Both the 32.0  4.4 ms at 15○C (n = 8) 
and 26.1  2.4 ms at 22○C (n = 8) of exercised fish were significantly longer than the 23.6 
 2.5 ms (n = 8) and 20.8  1.6 ms (n = 8) of control fish at respective temperatures (two-
way ANOVA, P < 0.01, followed by a post-hoc Tukey multiple comparison test: P < 0.01). 
However, the 32.1  2.9 ms of contraction time of exercised fish at 10○C (n = 8) was not 
significantly different from the 31.3  3.2 ms contraction time of control fish (n = 8) at the 
same water temperature (two-way ANOVA, P < 0.01, followed by a post-hoc Tukey 







2.3.4 Estimation of maximum swimming speed 
The extrapolated value using the shortest recording of muscle contraction time 
(Tmin) at each temperature and the stride length (k) at high tail beat frequency was used in 
order to estimate the maximum tail beat frequency (Fmax). Fmax of the exercised group was 
15.6 Hz at 10
○
C, 15.6 Hz at 15
○
C, and 19.1 Hz at 22
○







C was 16.0 Hz, 21.3 Hz and 24.0 Hz, respectively. The estimated maximum 
swimming speed for exercised fish was 11.9 FL/s or 1.65 m/s at 15
○
C and 14.2 FL/s or 
1.96 m/s at 22
○
C, both of which were significantly slower than those of control fish at 
comparative temperatures (16.1 FL/s or 2.29 m/s at 15
○
C and 17.8 FL/s or 2.41 m/s at 
22
○
C) (two-way ANOVA, P < 0.01).  The maximum swimming speed of 10.9 FL/s or 1.4 
m/s for exercised fish at 10
○
C was not significantly different from the 11.2 FL/s or 1.4 m/s 































Fig. 2.3 Electromyograms of ordinary muscle at different swimming speeds for a fish of 
17.9 cm FL at 15.6
○





























Fig. 2.4 Relationship between tail beat frequency (Hz) and EMG frequency (pulse/s) of 
jack mackerel of 18.3 ± 1.0 cm FL (n = 12) at water temperatures ranging from 



































C. Open symbols for low tail beat frequency 
(< 6 Hz) and solid symbols for high tail beat frequency (≥ 6 Hz) with the 
























Fig. 2.6 Average muscle contraction time of (a) control without exercise and (b) after 


























Fig.2.7 Estimated maximum swimming speed of exercised and control fish at different 





C (squares) and 22
○
C (circles), for control fish (open symbols) and 








Based on the results of the EMG monitoring for 12 jack mackerels in Fig. 2.4, we 
can understand that the ordinary muscle was not activated in the lower swimming speed 
with the lower tail beat frequency (F < 6 Hz). Fish can swim continuously without 
resulting in exhaustion as the sustained speed range, where the blood muscle plays an 
important role for swimming energy source. While, the ordinary muscle is started to be 
activated when the fish is swimming rapidly at higher speeds (Xu et al., 1993), in the 
prolonged speed range at high tail beat frequency (F ≥ 6 Hz). The fish would become 
gradually exhausted and fail to swim continuously as indicated in the previous studies of 
swimming curve analysis on the endurance time (Wardle, 1986; Nofrizal et al., 2009). This 
result was related with the observations from video footage pictures; fish showed steady 
tail oscillations and maintained their positions relative to the flow at sustained speeds. 
During prolonged periods of exercise, fish were occasionally carried backward against the 
flow, but they could propel themselves forward using kick and glide maneuvers (Nofrizal 
et al., 2009). At these speed levels, the appearance of discharge burst of the ordinary 
muscle was exactly in accordance with the bending of the fish body for kick and glide 
maneuvers.  
Results from the temperature effect on the stride length of jack mackerel at low and 
high tail beat frequencies, revealed that the stride length at the lowest temperature of 10
○
C 
was shorter than at higher temperatures (15 and 22
○
C). This result supports the findings of 
Nofrizal et al., 2009, where swimming performance such as the burst speed range as well 
as the endurance time at prolonged speeds, is severely reduced at 10
○
C. In this paper, the 
stride length was subjected to linear regression analysis in two phases of low and high tail 
beating performance, to indicate the higher performance with high tail beating at 15 and 
22
○
C. The threshold level of tail beat frequency between low and high beating modes as 
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6.0 Hz was elicited from preliminary EMG monitoring at 13.6–18.2○C. The stride length 
for estimating maximum swimming speed was 0.77 at 15
○
C and 0.75 at 22
○
C. However, in 
order to understand the swimming performance according to the tail beat mode at high 
speeds further study is still needed through the monitoring of other kinematic variables 
such as tail beat amplitude, to determine the swimming efficiency. The EMG monitoring 
will also requires the understanding of temperatures effect for detail discussion on the 
ordinary muscle activity. 
The results of contraction time monitoring of jack mackerel in this paper were in 
agreement with previous studies, for indicating that the contraction time tended to be 
longer toward the tail (Wardle et al., 1989; Wardle and He, 1988) and be shortened with 
higher temperature (Wardle, 1980; Arimoto et al., 1993). According to Wardle et al. (1989), 
at the maximum swimming speed of 10 Hz for bluefin tuna, the opposing muscles will 
progressively overlap their contraction toward the tail, by stiffening the body.  
The muscle performance, as measured using the muscle twitch contraction time 
after being exhausted due to intensive exercise was found to be longer than that of control 
fish at temperatures of 15 and 22
○
C. On the other hand, similar results for muscle 
performance were obtained between control and exercised fish at 10
○
C.  The reduction in 
muscle performance as a result of exhaustive exercise at 15 and 22
○
C is related to the 
changes in blood oxygen-carrying capacity and lactic acid (Özbilgin and Wardle, 2002). At 
a low temperature of 10
○
C, the muscle performance was already at a very low level 
(Özbilgin and Wardle, 2002; Arimoto et al., 1993), therefore, exhaustive exercise did not 
change the level of muscle contraction time at the low temperature. Inoue et al. (1993) 
reported that the 40-60 ms of muscle contraction time of walleye pollock captured by set-
net and kept in a holding tank for three week at 5−7○C was not different for muscle 
contraction time after being hauled from trawl capture at 10
○
C (Arimoto et al., 1993). Low 
performance of muscle contraction time after having exhaustive exercise is correlated with 
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the accumulation of metabolic end products and recovery period for glycogen and lactate 
in the muscle (Kieffer, 2000). 
This study demonstrated that the swimming exercise affected the maximum 
swimming speed performance of jack mackerel.  The estimated maximum swimming 
speed of jack mackerel was reduced after exhaustive exercise at temperatures of 15 and 
22
○
C. We conclude that the exhaustive exercise effect was reflected in the muscle 
performance, hence the maximum swimming speed performance. These results are in good 
agreement with evidence that fish once experienced escape from fishing gear show the 
different performance prior to full recovery (Nofrizal et al., 2009; Xu et al., 1993; Chopin 


































Temperature effect on heart rate of jack mackerel Trachurus japonicus, 
during swimming exercise 
 
3.1 Introduction 
Temperature can be considered as the most important factor affecting the 
swimming performance of fish (Beamish, 1978). The effects of temperature change on the 
swimming performance have been examined through acclimated temperature change 
(MacNutt et al., 2004; Keen and Farrel, 1994) or by acutely introduced change (Lee et al., 
2003; Guderley et al., 2001). Both acute and acclimatory increases in temperature have 
been shown to improve swimming performance by enhancing metabolic rates (Claireaux et 
al., 2000), cardiac performance (Farrel et al., 1996; Blank et al., 2004), fish movement 
(Fuiman and Batty, 1997), and muscle contractility (Rome et al., 1990; Yanase et al., 2007). 
Temperature and forced swimming exercise significantly affected the muscle contraction 
time, which indicated a reduction of performance of the maximum swimming speed 
(Riyanto et al., 2014). Nofrizal et al. (2009) reported that lower swimming performance is 
observed in jack mackerel at a temperature of 10
○
C, with increasing trends of the heart rate 
performance at higher temperatures. 
The heart rate is an important factor for the respiratory and metabolic system of fish 
during swimming (Farrel, 1997). Previous studies on the heart rate during swimming 
exercise have demonstrated that heart rate activities increase in relation to the swimming 
exercise level during step-up speed level experiments (Priede, 1974; Hanyu et al., 1979; 
Lucas, 1994; Altimiras dan Larsen, 2000). However, the effect of the physiological 
condition after exhaustion from swimming exercise on the heart rate by post-exercise 
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monitoring have not been fully examined. Heart rate has been used as an indicator of the 
level of fatigue in relation to swimming endurance and during the post-exercise period 
(Nofrizal et al., 2009). The heart rate can be used as a relative index to quantify the 
physiological condition of the fish during swimming exercise while encountering by a 
mobile fishing gear and the exhaustion level after hard exercise from the capture process. 
In the present study the heart rate was measured in comparison among the control phase, 
the forced swimming exercise by speed level step-up protocol and the post-recovery 
response in different temperatures.  
 
3.2 Materials and Methods 
The temperature effect on the heart rate of jack mackerel during swimming exercise 
was examined at the Fish Behavior Laboratory at Tokyo University of Marine Science and 
Technology in April 2013 (FL = 17.9 ± 0.9 cm, n = 8 at 15
○
C), August 2013 (FL = 19.1 ± 
0.6 cm, n = 8 at 22
○
C), and January 2014 (FL = 17.9 ± 1.5 cm, n = 8 at 10
○
C).   
3.2.1 Experimental fish 
Jack mackerel were obtained from a local fish farmer in Numazu Bay, Shizuoka 
Prefecture, Japan, every three months between March–November 2013, for 50 individuals 
respectively, in order to avoid the effect of holding period to the physiological conditions 
of the fish. The fish were kept in a rectangular holding tank of 200 cm long, 90 cm wide, 
and 100 cm deep, with the aeration and bio-filtering circulation system at temperature of 
17 ± 0.6
○C and Salinity 32.5−33.5 psu. Each sample fish was acclimated for a minimum of 
10 days, prior to the swimming trial experiment at designated temperatures of 10, 15 and 
22 
○
C. The fish were fed with commercial fish meal pellets (Nippon Formula Feed 
Manufacturing Co., Ltd.) every day during both the acclimation and experimental periods. 
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3.2.2 Heart rate monitoring in swimming exercise and post-exercise 
 The heart rate of jack mackerel during swimming exercise was monitored by using 
an electrocardiography (ECG) technique with a similar protocol as the previous paper 
(Riyanto et al., 2014), in the flume tank (West Japan Fluid Engineering Laboratory, PT-70) 
with the swimming channel of 70 cm long x 30 cm wide x 30 cm deep. A pair of electrodes 
for ECG measurements was implanted in the pericardial cavity by pin-inserting from the 
ventral side, under anesthesia with 80 ppm (0.008%) solution of 4-Allyl-2-methoxyphenol 
(Tanabe Seiyaku Co., Ltd., FA100) for 10−15 min. The electrodes were made of enamel-
insulated stainless wire (MT Giken) of 15 mm in length and 0.25 mm in diameter. One mm 
length of wire insulation was exposed to serve as an electrode for the bipolar leads. The 
electrodes were connected with insulated copper wire cable (Tsurumi Seiki, T-GA XBT 
cable) to deliver the heartbeat signal. The other end of the wire cable was connected to a 
digital oscilloscope (Iwatsu, DS-5102) via a bio-amplifier (Nihon Kohden, Bio-electric 
Amplifier AB-632J).  To prevent electrode vibration due to body movement, the pin-
positions of the electrodes was covered by super glue (Aron Alpha, Toa-gosei), then the 
wire cable was sutured to the base of second dorsal fin using the procedure described in the 
previous papers on the ECG measurement protocol (Nofrizal and Arimoto, 2011; An and 
Arimoto, 1994; Ito et al., 2003). A schematic diagram of the ECG recording in the flume 
tank is shown in Fig. 3.1. 
After the implantation of the electrodes and the recovery phase for 180 min from 
anesthesia, the heart rate was monitored in a subsequent 30 min adaptation to the still-
water and slow-flow (14.2 cm/s) conditions, then each fish was forced to swim at given 
speeds ranging from 14.2 to 142.5 cm/s. The flow speed was elevated in increments of 
14.2 cm/s in every 10 min until the fish reached fatigue (Riyanto et al., 2014; Brett, 1964), 
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when the fish could not counteract the increase in the flow speed and came into contact 
with the downstream screen mesh and stopped swimming (Riyanto et al., 2014).  
The increment ratio of heart rate during exercise was analyzed by the relative heart 
rate for each individual. The relative heart rate is the average of heart rate during exercise 
divided with the average heart rate in control. When the relative heart rate is close to 1, 
there was no large difference of heart rate between the swimming exercise and control 
phases (Ito et al., 2003).   
The display screen of the oscilloscope was set to show a period of 12 seconds in 
one screen-scanning, hence to integrate 5 screens enabled estimation for the heart rate per 
one minute. Heart rate per minute was recorded for the entire experiment period for the 
control in still water and during the forced swimming exercise. In final moment of 
swimming trial at high flow speed, fish could not continue the steady tail beating so as to 
perform the kick-and-glide maneuver (Riyanto et al., 2014; Yanase et al., 2007) until 
stopping to swimming against flow. The data collection during the post-exercise recovery 
phase was conducted after the fish stop swimming, and was continuously monitored until 
the heart rate was stabilized to the maximum level of the control, which was defined as the 
full recovery time of heart rate. The recovery data were analyzed by the moving average 
with 10 minutes interval (Nofrizal et al., 2009; Ito et al., 2003) as shown in Fig. 3.2. The 
recovery time data according to the maximum swimming speed for each individual were 
compared among the different temperatures of 10, 15 and 22
○
C. To determine the effect of 
temperature on the heart rate during the control and swimming exercise were tested by 
analysis of variance (ANOVA) for each individual at different temperature. The statistical 












































Fig. 3.2  An example record of heart rate at control, swimming exercise by speed level of 1.6–5.4 FL/s and the recovery analysis for 
the post-exercise of a 17.9 cm FL jack mackerel at 15
○
C. Horizontal dashed line is the maximum heart rate of the control, 
solid black line is heart rate in exercise and grey line is the heart rate in recovery phase with strip black line as the moving 






















Fig. 3.3 Examples of heartbeat record patterns on the oscilloscope display screen for 12 s, 











Fig. 3.2 shows an example record of ECG pattern for the control, swimming 
exercise and recovery phases of a 17.9 cm FL jack mackerel at 15
○
C. The heart rate during 
the control phase in this record was observed as 55 beats/min, and gradually increased with 
the increase of swimming speed. The heartbeat patterns are also shown in Fig. 3.3, for 
identifying the heart rate (beats/min) according to the swimming speed level in FL/s. At 
the lower swimming speed of 1.6 FL/s and 2.4 FL/s, the heart rate was a similar level to 
the control as 55 and 60 beats/min respectively. The heart rates started to increase at the 
swimming speed of 3.2 FL/s as 70 beats/min. The high heart rate was observed at the 
swimming speed of 4.7 FL/s as 145 beats/min as shown in Fig. 4.3. At the faster speed as 
5.4 FL/s fish could swim for only 4 min duration, and stopped swimming due to 
exhaustion. Then, the full recovery time was analyzed with 10 min moving average so as 
to estimate for requiring approximately 300 min (Fig.3.2).  
Fig. 4.4 shows the monitoring results of the heart rate patterns for all individuals 
tested during the control, and swimming exercise at 10, 15 and 22
○
C. Here, the swimming 
speed (FL/s) was shown with the average fork length for tested individuals at each 
temperature. The heart rates in the control were 25–50 beats/min (36.5 ± 7.7, n = 8) at 
10
○
C, which were significantly less frequent than 51–74.5 beats/min (56.1 ± 9.3, n = 8) at 
15
○
C and 57–104 beats/min (75.2 ± 9.3 n = 8) at 22○C (One way ANOVA, P < 0.01). In 
the lower temperature of 10
○
C, the high peak of heart rate was observed in the range of 
4.9–5.3 FL/s (Fig. 3.4a). A similar trend was observed at 15○C, however, the high peak of 
heart rate was observed at the higher swimming speed as 4.8–5.7 FL/s (Fig. 3.4b). High 
heart rates were observed at 22
○
C, while the high peak of heart rate was observed at the 
swimming speed of 5.2–6.0 FL/s (Fig. 3.4c).  
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The effect of temperature and swimming exercise on heart rate according to speed 
level is shown in Fig. 3.5. The results for all fish used in this study showed a significant 
increase in heart rate with the swimming speed, with higher trends in higher temperature 
(regression analysis, P < 0.01). Heart rate varied considerably among tested fish, while 
there were significant differences in heart rate of increase with swimming speed (one way 
ANOVA, P < 0.01). For all temperatures the heart rate during swimming exercise was 
higher than the control phase, while at the lower swimming speed of 1.5–1.7 FL/s the heart 
rate was a similar level to the control at each temperature. The heart rate started to increase 
at the swimming speed of 2.3−2.5 FL/s at all temperature. The higher heart rate in range of 
150–200 beats/min achieved at the swimming speed of 6.0 FL/s at 22○C. The results in this 
paper were compared with previous studies listed in Table 1, for detail examination in the 
Discussion part.   
The result of relative heart rate analysis is shown in Fig. 3.6, for showing the 
gradual increase by step-up of swimming speed levels for each individual for each 
temperature. The heart rate at the high speed was observed in a range of 1.6–2.8 times of 
the heart rate in the control at 15 and 22
○
C. However for some individuals at 10
○
C the 
heart rate exceeded 3.0 times, due to the very low heart rate as 25–50 beats/min in the 
control phase (Fig. 3.6a). The high relative heart rate was observed at 10
○
C, when the fish 
was carried backward and touched the mesh screen, but they could thrust themselves with 
kick-and-glide maneuver with the high heart beating until stopping to swim at 4.8–5.0 FL/s. 
At higher temperature of 22
○
C, some individual showed a very low relative heart rate, due 
to the heart rate in the control was already high as 100 beats/min as shown in Fig. 4.6c. 
Recovery time against peak heart rate at the maximum speed during swimming 
exercise at different temperatures of 10, 15 and 22
○
C is shown in Fig. 3.7. Recovery time 
tended to increase against the peak of heart rate at the high speed. Recovery time for post-
exercise at 22
○
C was 256–480 min at the peak heart rate of 152–187 beats/min, which 
34 
  
show the different trend with lower temperature to be much longer than 164–240 and 180–
300 min at 10 and 15
○
















































Fig. 3.4  Changes in heart rate at different temperatures of 10, 15 and 22
○
C in the control, 
during swimming exercise at speed levels from 1.5–6.0 FL/s for every 10 
minutes with the average fork length at each temperature. Each connected line 




















Fig. 3.5 Average heart rate (beats/min) change according to the swimming speed U (FL/s) 
with the average fork length for tested individuals at each water temperature of 
10
○
C (open triangles), 15
○
C (filled-grey squares) and 22
○




































Table 3.1 Comparison of heart rate measurements of fish during swimming with the present study on the jack mackerel 








Heart rate (beats/min) References 
Carp Cyprinus carpio 12.3 23.3 1.0–5.0 50–114 [21] Ito et al. (2003) 
Red sea bream Pagrus major 54.6 27 1.0–4.6 60–115 [26] Kojima et al. (2003) *1 
Rainbow trout Oncorhynchus mykiss 23 – 28.2 6.5 0.6–1.9 35–89.4 [15] Pride (1974) 
Rainbow trout Oncorhynchus mykiss 29.1 15 0.8–1.9 31.8–77.5 [18] Altimiras & Larsen (2000) 
Atlantic salmon Salmo salar 50.7 15 1.0–2.0 60.3–81.3 [17] Lucas (1994) 
Yellowtail Seriola quinqueradiata 29.7 – 33 24 1.0–2.6 80–100 [16] Hanyu et al. (1979) 
Skipjack Katsuwonus pelamis 44.7 25 1.6 76.8 [27] Bushnel & Brill  (1991) 
Kawakawa Eutynnus affinis 46 25 1.3 128 [28] Jones et al.  (1993) 
Yellowfin Thunnus albacares 46.1 25 1.2 67.9 [27] Bushnel & Brill (1991) 
 38.3 24 1.0–2.9 67.9–101.9 [24] Korsmeyer et al. (1997) 
Jack mackerel Trachurus japonicus 18.5 10 1.1–8.6 20–60 [13] Nofrizal et al. (2009) *2 
 18.5 15 1.1–8.6 70–125  
 18.5 22 1.1–8.6 115–208  
Jack mackerel Trachurus japonicus 17.9 10 1.6–5.9 29–124 Present study 
 17.9 15 1.6–5.9 45–165  
 19.1 22 1.6–5.9 60–212  
Note.  
*1: Data logging system in a tank 























Fig.3.7 Recovery time for jack mackerel against peak heart rate at maximum speed during 












The heart rate pattern during swimming exercise in this study supports previous 
findings by Priede (1974) and Nofrizal et al. (2009). Based on the result of ECG 
monitoring of 17.9 cm of jack mackerel at 15
○
C in Fig. 4.2, we can understand that the 
heart rate gradually increased with the increase of the swimming speed. However, the heart 
rate was not increased at low speed. This indicates that the energy cost of swimming was 
effectively metabolized to sustain the same level of swimming speed level for an extended 
period (Nofrizal et al., 2009). Fish consume extra energy in response to the increased 
swimming speed, and is required to increase the metabolic and respiratory process (Farrel, 
2002) in order to reform the lost energy. Moreover, Korsmeyer et al. (1997) stated that the 
cardiorespiratory system has adjusted the elevation demand of oxygen as velocity increases 
during step up swimming by speed level.   
The heart rate of jack mackerel in the present study did not increase at low 
swimming speed for all temperatures, where no big changes in heart rate were observed in 
Fig. 4.6. The heart rate is related with cardiac work to supply oxygen to the body, with 
increasing trend as faster swimming (Korsmeyer, 1997). Generally, the change of the heart 
rate during swimming exercise at the three different temperatures showed variation among 
individuals as reported by Nofrizal et al. (2009), An and Arimoto (1994) and Ito et al. 
(2003). The individual variability of the heart rate can be attributed to factors due to either 
prior physical conditions or handling stress through the experimental protocol. Some 
individuals at 10
○
C showed high heart rate values as 3– 4 times of heart rate in the control 
at the high swimming speed of 4.8–5.0 FL/s, due to low heart rate in the control at low 
temperature, similarly with the low muscle performance of swimming (Riyanto et al., 





Previous studies for measuring the heart rate of fish during swimming are 
summarized in Table 1, for different temperatures as 6.5–10○C for cold-water species such 
as rainbow trout Oncorhynchus mykiss (Priede, 1974; Altimiras and Larsen, 2000) and 
Atlantic salmon Salmo salar (Lucas, 1994), up to higher temperature conditions as 23.3–
27℃ for species as carp Cyprinus carpio (Ito et al., 2003), red sea bream Pagrus major 
(Kojima et al., 2003), yellowtail Seriola quinqueradiata (Hanyu et al., 1979), skipjack 
Katsuwonus pelamis (Bushnel and Brill, 1991), kawakawa Euthynnus affinis (Jones et al., 
1993) and yellowfin Thunnus albacares (Korsmeyer et al., 1997; Bushnel and Brill, 1991) 
with the variation in sizes of tested fish for each species. The exercise levels were set either 
by the given flow speed in the flume tank at the fixed speed or increment speeds with step-
up protocol, with only one case by using the data logger system for free swimming in a 
large tank. The different experimental protocols can result in the differences of heart rate 
change, while higher heart rate around 70–130 beats/min was monitored for pelagic 
species in the higher temperature tested, even with the low speed levels of the sustained 
swimming. The present study on jack mackerel covered the wider speed range up to the 
prolonged level, for monitoring the heart rate in a wider temperature range of 10–22○C.  
Modern trawls vary in gear scales to allow different types of fishing boat to tow 
them at a maximum speed between 3–4 knots when using full power (Wardle, 1986). 
Those speeds correspond to swimming speed of 8.6−11.4 FL/s for fish size of average FL 
of 18 cm used in this study. Thus, fish swim at prolonged or burst swimming speed, to 
avoid and escape during the capture process. The heart rate at these speeds could be 
maximally beating, and the fish may be under stress and tachycardia even if they could 
escape from the gear. Chopin and Arimoto (1996) stated that the fish swimming in the 
trawl codend during the capture process will be subjected to severe exercise. This may 
evoke mortalities, which have been attributed to stress associated with various capture 




demonstrated that the magnitude of the stress given to the fish during exercise at more than 
3 FL/s swimming speed at different temperatures of 10, 15 and 22
○
C was scaled by heart 
rate activity. Endurance in fish swimming to prolonged speed is limited by the heart 
function for blood circulation pumping (Videler and He, 2010), which situation most likely 
happens during capture process by mobile fishing gear.  
Recovery time analysis for the post-exercise phase shown in Fig. 4.7 revealed that 
the recovery time after high heart rate at high speed at the high temperature of 22
○
C is 




C fish required from 250 min to 480 
min for post-exercise recovery from swimming speed of 1.5–6.0 FL/s for around 60 
minutes at the series of step-up speed levels. The recovery time of jack mackerel in this 
result was much longer than carp (Cyprinus carpio) as 20−60 min after swimming exercise 
of 1−5 BL/s at 23.4○C (Ito et al., 2003). The results of the present study are in agreement 
with the previous results for same species by Nofrizal et al. (2009), the longer endurance 
times at higher temperatures completely exhausted the fish and require longer recovery 
time. Swimming exercise in fish generally involves the use of glycogen and adenosine 
triphosphate (ATP) which are stored within the ordinary muscle (Kieffer, 2000). During 
the recovery period, most of the lactic acid remains in the fish muscle (Wardle, 1978; Xu et 
al., 1993) and is converted back to glycogen without leaving the muscle cell (Batty and 
Wardle, 1979). Previous studies have reported that recovery of the muscle lactate in 
rainbow trout takes about 6–8 hours (Kieffer et al., 1994), as the time required for muscle 
glycogen re-synthesis also varies from 4–6 hours to as much as 12 hours (Milligan and 
Wood, 1986). The recovery of the heart rate of jack mackerel in this paper was 4.2–8.0 
hours, which suggests that the heart rate can be a key fatigue indicator related to swimming 
activities, and thus requiring further examination of the muscle activity performance 






Simultaneous monitoring of heart rate and white muscle performance during 
swimming of jack mackerel Trachurus japonicus, in different temperatures 
 
4.1 Introduction 
The swimming speed of fish can be categorized into three levels as sustained, 
prolonged and burst speed, in which different muscle types function to power the 
swimming gait (Webb, 1994). Sustained swimming uses only blood muscle (Johnston, 
1981), while the faster level as prolonged swimming employs progressively more ordinary 
muscle to supplement the power provided by the blood muscle (Johnston, 1977). Burst 
swimming is periods of active swimming by strong kicking tail motion, and then 
alternating with gliding (Weihs, 1974) in the final phase before stopping to swim in order 
to respond to emergency situations such as being attacked, jumping or escape (Tsukamoto, 
1984) from a predation risk or from fishing gear. The boundary between sustained and 
prolonged swimming speed is defined as the maximum sustainable speed, where it 
represents an important threshold in the behavioral physiology of fish, by marking the 
upper limit of aerobic swimming (Breen et al., 2004).   
Previous studies on the swimming endurance of jack mackerel demonstrated that 
the endurance time dramatically decreased over the threshold of the maximum sustainable 
swimming speed (Nofrizal et al., 2009) due to physiological exhaustion. Decreasing 
swimming endurance after maximum sustainable speed is attributed to the use of anaerobic 
swimming using the ordinary muscle. The preliminary study revealed that the initiation of 
ordinary muscle activity occurred between 3.7 and 5.3 FL/s at temperature of 13.6–18.2○C 




increasing with the speed level at the respective temperatures of 10, 15 and 22
○
C (Riyanto 
and Arimoto, 2014).  Several aspects of the physiological condition such as muscle 
performance and heart rate during swimming exercise can be monitored simultaneously 
(Hanyu et al., 1979). As a way for further understanding the physiological condition of the 
fish during swimming exercise, we examined the heart rate and ordinary muscle activity at 
different temperatures by simultaneous recording of electrocardiogram (ECG) and 
electromyogram (EMG) during forced swimming trials in a flume tank. 
 
4.2 Materials and Methods 
All the experiments were conducted with total of 24 individuals of jack mackerel 
(18.3 ± 1.2 cm FL), during autumn (April-May), winter (January-February) and summer 
(August-September) seasons to set the acclimation temperature in the holding tank in the 
Fish Behavior Laboratory at Tokyo University of Marine Science and Technology. The 
fish were purchased from a local fisheries cooperative at Numazu Bay, Shizuoka 
Prefecture, and transferred into a rectangular holding tank of 200 cm long, 90 cm wide, and 
100 cm deep with the aeration and bio-filtering circulation system at the temperature of 
17±0.6
○
C and salinity 32.5–33.5 psu.  The fish were acclimated for a minimum of 10 days, 
prior to the swimming trial experiment at designated temperatures of 10, 15 and 22
○
C. The 
fish were fed on commercial fish meal pellets (Nippon Formula Feed Manufacturing Co., 
Ltd.) every day during acclimation and experimental period, as the same procedure 







4.2.1 Heart rate and white muscle monitoring during swimming exercise 
A description of the flume tank used in this study and the experimental devices and 
tools for electromyography and electrocardiography has been presented in the previous 
papers (Xu et al., 1993, Nofrizal et al., 2009, Riyanto et al., 2014, Riyanto and Arimoto, 
2014). Measurement of heart rate and white muscle activity was set together as a 
simultaneous recording by EMG and ECG techniques. The ECG electrodes were made of 
an enamel-insulated stainless wire (MT Giken) of 15 mm in length and 0.25 mm in 
diameter. One mm length of wire insulation at the tip was exposed to serve as an electrode. 
The EMG electrodes were also made of an enamel-insulated stainless wire of 10 mm in 
length and 0.2 mm in diameter as shown in Fig. 4.1, as described in the previous papers 
(Xu et al., 1993; Riyanto and Arimoto, 2014). Both electrodes were connected to the paired 
insulated wire cables (Tsurumi Seiki, T-GA XBT cable) leading to a digital oscilloscope 
(Iwatsu, DS-5102) via a 2-channel high sensitivity bio-amplifier (Nihon Kohden, Bio-
electric amplifier AB-632 J). A pair of electrodes for ECG were implanted in the 
pericardial cavity by pin-inserting from the ventral side. The pair of electrodes for EMG 
was implanted into the lateral muscle of the test fish, as shown in Fig. 4.1, about 3 mm 
deep with a hypodermic needle (24G x 1’’, 0.55 x 25 mm) fitted over the electrode hook 
under anesthesia with 0.008% solution of 4-allyl-2-methoxyphenol (Tanabe Seiyaku Co., 
Ltd., FA100). After implantation of the two types of paired electrodes, their leads were tied 
together and sutured to the base of second dorsal fin in order to minimizing the mechanical 
influence of the flow and body movement using the procedure described in previous papers 
on the protocol for ECG by Nofrizal et al. (2009), Riyanto and Arimoto (2014), An and 
Arimoto (1994), Ito et al. (2003) and EMG protocol by, Riyanto et al. (2004), Xu et al. 








recording is given in Fig. 4.2 to show the flume tank and electrophysiological apparatus 
used in the experiment.  
 After implanting the electrodes and a recovery time of 180 min from the anesthesia, 
the heart rate and white muscle activity was monitored for a subsequent 30 min adaptation 
to still-water and slow-flow (14.2 cm/s) conditions.  Then, each fish was forced to swim at 
given speeds ranging from 14.2 to 142.5 cm/s (14.2 cm/s incremental steps every 10 min) 
until the fish reached fatigue (Riyanto et al., 2014; Riyanto and Arimoto, 2014; Brett, 
1964). During the experiment, the water temperature of the flume tank was maintained 
using a digital thermo-controller (REI-SEA, TC-100). 
The EMG and ECG amplifier was set with a sensitivity range of 0.1 mV and the 
filter at a band width of 43 to 100 Hz. At least 5 series of EMG consecutive bursts of 
discharge which corresponded to the steadiest swimming phase were selected and recorded 
digitally in an excel file for each swimming speed levels. The maximum amplitude (A) and 
duration (D) of each burst were measured as shown in Fig. 4.3. The power output of 
ordinary muscle was calculated using the equation according to Tsukamoto (1984), as the 
work of a burst was obtained from the product of the maximum amplitude (A) and the 
square of the duration (D
2
) of the burst discharge. The relative power (P) can be derived 
from n consecutive bursts for a period of T second as being given by; 
                                                    (1) 
 
Based on the above formula, we calculated the power output of the jack mackerel during 



















Fig. 4.1 Position of the ECG and EMG electrode used for monitoring of heartbeat and 


















Fig. 4.2  Schematic diagram on ECG and EMG monitoring during swimming exercise in 

















Fig. 4.3  An example record of EMG pattern from ordinary muscle, to show the definition 









The heart rate and ordinary muscle activity were simultaneously observed and 
recorded as electrocardiograms and electromyograms while the fish were swimming by 
step-up speed levels at the three different temperature conditions. Fig. 4.4 shows an 
example record of ECG and EMG patterns of 18.3 cm FL jack mackerel at 15
○
C, based on 
time-elapse observations. An example of heartbeat and ordinary muscle activity patterns 
according to the speed levels is also shown in Fig. 4.5, in order to determine the threshold 
of jack mackerel as the maximum sustainable speed. The heart rate at the low swimming 
speed was not different to the control at low swimming speeds of 1.5−2.9 FL/s and 
gradually increased with the swimming speed step-up every 10 minute, while no activity in 
ordinary muscle was observed until the speed level in excess 3.6 FL/s. The ordinary 
muscle firstly started to be activated at the swimming speed of 4.3 FL/s. The maximum of 
heart rate and ordinary muscle activity was observed at the swimming speed of 5.0 FL/s as 
150 beats/min in heart rate and 75 EMG pulses/min, respectively. However, at the 
swimming speed of 5.7 FL/s, the heart rate and muscle activity decreased and fish did not 
able to swim for 10 minutes duration due to exhaustion.    
Fig. 4.6 shows the result of EMG analysis according to the swimming speed levels 
for comparing the different temperature conditions. Top graph (Fig. 4.6a), shows the 
relationship between the frequency (F, pulse/s) of the burst of ordinary muscle activity 
according to the swimming speed at three different temperatures. The frequency (F) 
increased linearly with swimming speed, when the fish swam over certain threshold speed. 
At low temperature of 10
○
C, the threshold speed at which the ordinary muscle became 
active around 3.3−3.5 FL/s, which was lower than the result as 3.9–4.3 FL/s at 15○C and 
4.3–5.3 FL/s at 22○C respectively, for determining the maximum sustained swimming 




The amplitude (A) of burst in Fig. 4.6b, showed an increasing trend at the higher 
speed for each respective temperature. However, a different trend in 10
○
C did not follow 
the increasing trend in 15 and 22
○
C, due to the essentially low muscle performance for 
corresponding to the higher swimming speed. The time duration (D) of burst did not show 
a big difference at 15 and 22
○
C and ranged from 100–200 ms at the swimming speed of 
4.0–6.0 FL/s as shown in Fig. 5.6c. At the lower temperature of 10○C, showed the 
amplitude (A) in Fig. 4.6b was smaller than 15
○
C. However, the time duration was longer 
than at 15 and 22
○
C in Fig. 4.6c.  
  According to the results in Fig. 4.6, the power output (P) of ordinary muscle 
activity was calculated during swimming exercise in different temperatures, and shown in 
Fig. 5.7. At low temperature of 10
○
C, P was zero below the swimming speed of 3.3FL/s, 
and showed a gradual increase up to range of 4.6–20.5 μV·s at the swimming speed of 3.3–
4.4 FL/s, and finally reached to 77.9 μV·s at the speed of 5.3 FL/s. At higher temperatures 
of 15 and 22
○
C, P increased with the increase of speed. The maximum P was observed at 
the 22
○
C as 93.3 μV·s, when the swimming speed was achieved to be 6.0 FL/s.  
Fig. 4.8 shows the relationship between ordinary muscle power output and heart 
rate for each individual in the different temperatures. The heart rate increased with 
increasing of the P of ordinary muscle activity for all temperatures. However, the majority 
of individuals showed the trend of heart rate reaching to the maximum in the higher P 





C, the heart rate was much higher as 150–200 beats/min at the muscle power output of 




















Fig. 4.4  An example of analysis on the ordinary muscle activity and the heart rate at 
control, swimming exercise according to the speed levels of 1.6−5.4 FL/s for 
























Fig. 4.5  EMG of ordinary muscle and ECG of heart rate at different swimming speeds 
for determining the threshold between sustained and prolonged speed, for case 




















Fig. 4.6  Changes in three characteristic of bursts of discharge: (a) frequency, (b) 
maximum amplitude and (c) duration with swimming speed at different 
















Fig. 4.7 Relationship between swimming speed (FL/s) and white muscle power output 
(μV·s) of jack mackerel at different temperatures of 10○C (open triangles), 
15
○
C (solid squares) and 22
○































Based on the EMG analysis of jack mackerel, we determined the threshold speed as 
the Ignition Point of White muscle (IPW), suggested by Tsukamoto (1984) for yellowtail 
Seriola quinqueradiata. The IPW of jack mackerel were observed in the range of 3.3–3.5 
FL/s at 10
○
C, 3.9–4.3 FL/s at 15○C and 4.3–5.3 FL/s at 22○C, values which were higher 
than the maximum sustainable swimming speed measured in the endurance test for the 
same species and a similar size by Nofrizal et al. (2009), where the maximum sustainable 
speed was observed as 2.4 FL/s at 10
○
C and 3.2–3.4 FL/s at higher temperature of 15 and 
22
○
C.  The differences in maximum sustainable speed range of jack mackerel are caused 
by physiological and morphological variations such as the relationship between length and 
weight which have shown to have considerable variation among individuals (Coull et at., 
1989). This variation will reflect the relative amount of swimming muscle available to 
provide propulsive power, which will therefore affect swimming performance (Bainbridge, 
1960). Physiologically, the energy reserves stored in the cell of swimming muscle are 
likely to vary between individuals (Breen et al., 2004). The qualitative description of the 
wide range of the maximum swimming speed in this study suggests the difference from 
fish to fish at different temperatures, which explain some of observed individuals 
variability in swimming performance. 
The frequency of the burst increased with the increase of the swimming speed for 
all temperatures as in Fig. 4.6a. The increasing frequency of bursts of ordinary muscle is 
related to large and powerful motions of the fish body for repeated kick-and-glide 
maneuvers (Riyanto et al., 2014; Riyanto and Arimoto, 2014) of the fish against the higher 
flow speed level. When the frequency of burst exceed certain threshold, the muscle fibres 
are in full contraction and the tensions developed 4 to 5 time greater than exerted during a 




(1993), as the frequency and duration of white muscle activity increased with the speed, 
while there are small changes of the amplitude above the threshold speed.  
Results from ECG and EMG monitoring of jack mackerel showed that the heart 
rate starts to increase, even in the sustained swimming speed level before IPW. Over the 
IPW the heart rate markedly increased up to the maximum level of heart rate at the higher 
speed. This indicates the heart rate was intensively used for oxygen uptake before IPW 
together with muscle activity at the prolonged speed, which is in agreement with findings 
for Pacific herring Clupea harengus (Bone et al., 1978), saithe Pollachius virens (Johnston 
and Moon, 1980) and yellowtail Seriola quinqueradiata (Bone, 1966) in terms of blood 
and ordinary muscle functions during swimming. The maximum heart rate at the higher 
speed results in the higher exhaustion level as reported in the previous paper by Riyanto et 
al. (2014), that the recovery time of heart rate after high speed required from 250 min to 
480 min. Full recovery time of heart rate recovery for carp Cyprinus carpio after 
swimming exercise of 3 BL/s required 60 min (Ito et al., 2003). During rapid swimming, 
ordinary muscle works very actively, in which situation the ordinary muscle carries out 
anaerobic glycolytic metabolism, so as to result in glycogen depletion and lactic acid 
accumulation (Bone, 1966). Xu et al. (1993) reported that the lactic acid of 43 cm walleye 
pollock Theragra chalcogramma started to decrease after 6 h of recovery with a great 
reduction of lactic acid only after 24 h recovery.     
The results of temperature effect on the ordinary muscle power output (P) of jack 
mackerel revealed that P at the lowest temperature of 10
○
C was lower than at higher 
temperatures of 15 and 22
○
C. This result supports the finding of Riyanto et al. (2014), 
where the muscle performance of jack mackerel is reduced at 10
○
C. Lower performance of 
ordinary muscle power output is related to the smaller swimming coefficient (k) (Riyanto 




reported for haddock Melanogrammus aeglefinus (Özbilgin and Wardle, 2002) and 
walleye pollock (Arimoto et al., 1993).   
  The performance of the heart rate increased with the increase of ordinary muscle 
activity during swimming exercise of jack mackerel as shown in Fig. 4.8. Heart rates 
reaching the maximum level at high speed to show the limit of heart rate during hard 
exercise in each temperature (Riyanto and Arimoto, 2014). Ito et al. (2003) reported that 
the heart rate of carp Cyprinus carpio is significantly increased during swimming exercise 
and reaches the maximum at the swimming speed of 2−5 BL/s. This result was in 
agreement with Tsukamoto (1984) as the oxygen debt can be represented by ordinary 
muscle activity corresponding to lactate accumulation, while the blood muscle activity 
corresponded to actual oxygen consumption by heart rate activity. We concluded that the 
higher performance of the anaerobic activity from ordinary muscle of jack mackerel 
corresponds to the high performance of the heart rate for supplying oxygen to the muscle, 
which results in the longer recovery time at the higher speed and temperature (Riyanto and 


























Portable system for measuring muscle contraction time 
 
5.1 Introduction 
Muscle twitch experiments have been developed for measuring the muscle 
contraction properties of the fish in order to estimate the maximum tail beat frequency and 
the maximum swimming speed (Wardle, 1975). Original setup of muscle twitch 
experiment was developed by Wardle (1975), as the experiment apparatus included an AC 
electric generator for the stimulus pulse, electric stimulator and a two-channel storage 
oscilloscope. Further studies were conducted by using similar system to measure muscle 
contraction time and evaluating the maximum swimming speed of skipjack tuna 
(Katsuwonus pelamis) (Brill and Dizon, 1979), cod (Gadus morhua), cuckoo ray (Raja 
naevus) (Johnston, 1980), mackerel (Scomber scombrus) (He, 1986), jack mackerel 
(Trachurus japonicus) (Xu, 1989) and walleye pollock (Theragra chalcogramma) 
(Arimoto et al., 1993). Contemporary study was conducted to determine the temperature 
effect on the muscle contraction time and the swimming performance of haddock 
(Melanogrammus aeglefinus) (Ozbilgin and Wardle, 2002), sand flathead (Platycephalus 
bassensis) (Yanase et al., 2007), red mullet (Mullus berbatus) and sea bream (Diplodus 
annularis) (Özbilgin et al., 2011). The characteristic of muscle contraction profile recorded 
by alternating current (AC) electric stimulator was reported by Xu (1989), Arimoto et al. 
(1993), and Amornpiyakrit (2003). 
The portable system for muscle twitch experiment was firstly developed by Wardle 
et al. to measure muscle contraction time of giant bluefin tuna (1989). The main apparatus 
of portable system consisted of specially designed transducer, a portable battery-operated 




previous study by Wardle et al. (1989), the muscle contraction time was directly shown as 
the digital data, not as the muscle contraction profile.   
In order to develop the modern device with a data recorder system, the problem is 
the electric stimulator. The conventional setup of an electric stimulator on the portable 
system is generated by AC electricity supply, which is not available for the field 
experiment onboarding small fishing boat. As a way for resolving this problem, we have 
changed the electric stimulator with the battery system and compared the muscle 
contraction and electric stimulation pulse profiles between the conventional and the new 
portable system. 
 
5.2 Material and Methods 
Jack mackerel (Trachurus japonicus) (18.0–19.4 cm of fork length FL, n = 15) was 
used to determine the muscle contraction time using a portable and conventional system. 
The fish were obtained from a keeping cage in Numazu Bay, Shizuoka, Japan. Fish were 
kept in a rectangular fiber glass tank (200 cm long; 90 cm wide; 100 cm deep), where 
sufficient aeration was provided. All the fish were kept for at least 10 days prior to the 
experiment. Details experimental fish were described in the previous paper by Riyanto et al. 
(2014). 
A maximum of 5 positions along the body were tested from each individual of fish. 
The selected position of the fish body was pierced with two needles of 7 mm distance 
attached to the specially designed muscle twitch transducer. A 1.5 V stimulation pulse was 
delivered via needles of the transducer to the muscle from two units of battery 1 sized 1.5 
V connected in the parallel, for the time duration of 20−100 ms by manual switching-on 
and -off. The muscle responded the stimulation pulse by contracting and bending acrylic 




(KYOWA, Type KFWS-2N-120-C1z11L3M2R). This resistance was recorded by a 
portable strain data recording device (EDS-400A) powered by battery system (ESB-04A), 
for connecting to the computer through DCS-100A software. The elapsed time from 
delivery of the pulse to the peak of resistance is defined as the muscle contraction time 
(Wardle, 1975). The experimental apparatus setup of a portable system is shown Fig. 4.1.  
The conventional set up with AC powered unit is shown in Fig. 5.2. The electric 
pulse generator (Nihon-Kohden, SEN-2201) can set the stimulus pulse with the range of 
voltage amplitude as 0.1–100 V, for the time duration 0.1−3.0 ms pattern. The standard 
protocol of stimulation pulse as 2 V, 2 ms was delivered from an electric pulse generator to 
the muscle via needles of the transducer, as the same set up in the previous studies by Xu 
(1989), Arimoto et al. (1993) and Riyanto et al. (2014). For confirming the amplitude 
effect of the stimulus pulse, 5 V pulse was also examined for the same specimen with the 
standard 2 V pulse. The strain force loaded on the strain gauge was transformed to the 
electric resistance by a strain-amplifier (KYOWA, DPM-1102) and was displayed on an 
oscilloscope (Iwatsu Electric, DS-5102). The strain amplifier was set at a sensitivity of 
100–1000 mV of the strain with the low/high filter at the band width of 100 Hz. 
The conventional set-up with the battery system was used to confirming the validity 
of the battery system for generating the electric stimulus pulse to measure muscle 
contraction time. Two units of the battery 1 sized 1.5 V set in parallel were used for 
generating stimulus pulse, by connecting to the bio-amplifier and needles of the muscle 
transducer. The conventional set-up with the battery system is shown in Fig. 5.3. 
The pattern of muscle contraction time was similar between electric pulse generator 
(Fig. 5.5a) and battery system (Fig. 5.5b). The muscle contraction time from the electric 
generator pulse of 24.3 ms was not different with 24.0 ms from the battery stimulation 




























































































5.3 Results  
An example of the muscle contraction profile from jack mackerel by a portable 
system was shown in Fig. 5.4.  Muscle contraction time of 23 ms was recorded by electric 
stimulation of 2.5 V with a pulse duration of 98 ms. Electric pulse generator of the portable 
system was supplied by two units of battery 1 with total voltage of 3 V, however the actual 
voltage that shown on the computer display was 2.5 V.  
Fig. 5.5 shows an example record of the muscle contraction profiles for jack 
mackerel of 19.8 cm FL with comparison of pulse type from (a) electric pulse generator 
and (b) battery system. The muscle contraction time and profile with the portable system 
was not different to those with the conventional set up (Fig.5.5a). However, the time 
duration by the portable system was longer than conventional set up, which pattern was 
square block pulse with sharp duration of 2 ms.    
Fig. 5.6 shows the muscle contraction profile with different stimulus voltages of 2 
V and 5 V. Higher voltage is related with higher muscle contraction amplitude. The muscle 
contraction amplitude generated from stimulus voltage of 5 V as 64 mV was higher than 
that of 40 mV from stimulus voltage of 2 V. However, the muscle contraction time just the 
same between two different stimulus voltages.   
Muscle contraction time of jack mackerel was plotted against the longitudinal 
position on the lateral muscle in Fig. 5.7. It can be seen that the muscle contraction time 
was significantly longer toward the tail part (Regression analysis, P < 0.01). Shortest time 
recorded of muscle contraction for 10 individuals of jack mackerel was obtained near the 
head part with the range of 19−22 ms and the longest at tail part ranged as 30−41 ms (Fig 
5.7a).  Fig. 5.7b shows that the muscle contraction time from 5 individuals was not 




the water temperature of 18.2
o
C. Shortest recorded muscle contraction time was ranged 
from 20.4−25.0 ms and the longest as 25.2−44.8 ms.   
In order to compare muscle contraction time among three measurement methods, 
the average results were plotted according to the longitudinal position from the snout in Fig. 
5.8. The result indicated that the muscle contraction time was not different among the 
different setup systems (two-way ANOVA, P = 0.80). The shortest recording of muscle 
contraction time near the head with the portable system was 22.6 ± 2.1 ms, not different to 







































































Fig. 5.5  Muscle contraction profiles properties of jack mackerel with original set up by 





























Fig. 5.6 Muscle contraction profile with different stimulus voltage as 2 V and 5 V, with the 

























Fig. 5.7  Muscle contraction time of jack mackerel for different position recorded by (a) 
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The present study demonstrates that the muscle twitch experiment of jack mackerel 
can be successfully measured with the portable system showing the patterns both of the 
muscle contraction time and electric stimulus pulse and compared with the conventional 
set up. Based on the muscle contraction profile of portable system (Fig. 5.4) and electric 
generator and battery system (Fig. 5.5), we can understand that the muscle contraction 
profile was not changed between portable system and conventional set up, even with 
different patterns of the electric stimulus pulse. This result is in a good agreement with 
previous study by Xu (1989).  The important factor to release the muscle contraction was 
the initial instance of an electric stimulus given, not affected by the time duration of 
stimulation pulse. Moreover, the differed stimulus voltage changed the muscle contraction 
amplitude, however not affecting the value of muscle contraction time (Fig. 5.6).  
The results of the muscle contraction time monitored in the present study were in 
agreement with the previous studies, for indicating that the contraction time tended to be 
longer toward the tail (Yanase et al., 2007). Wardle (1989), reported that at the maximum 
swimming speed of 10 Hz for bluefin tuna, the opposing muscles progressively overlap 
their contraction toward the tail, by stiffening the body. The shortest recording of muscle 
contraction time near the head part can be used to estimate the maximum tail beat 
frequency, and hence to estimate the maximum swimming speed (Riyanto et al., 2014).  
The pattern of muscle contraction time was not different between electrical 
stimulation pulse and battery system. Time duration of stimulation pulse by an electric 
pulse generator was sharp square block and shorter than that by the battery system. The 
advantage of the portable system is easy to operate for recording the muscle contraction, 




software, so that we can evaluate the data to eliminate the failure patterns according to the 
profile patterns.  
Based on these results, we concluded that the portable system with the battery pulse 
stimulation can be equivalent function for measuring muscle contraction time with AC 
powered conventional setup, for the field experiment in order record and quantify a reliable 
evaluation of the muscle activity with onboard trials. Further research of technical 
improvement of portable system is still needed through the development of simple battery 
stimulator with the highly sharp sensitivity to produce the sharp stimulating pulse similar 




































Scale effect on the swimming performance of bluefin tuna  
Thunnus orientalis 
6.1 Introduction 
In the last decade, farming and fattening of the bluefin tuna has been active 
developed due to the high value at fish market in Japan and rising trend in the West to 
consume healthy food (Masuma et al., 2011). The locations of PBT broodstock are along 
coastline of Japan at the edge of the Kuroshio Current and the Tsushima warm current. 
Recently, the life-cycle of the Pacific bluefin tuna (PBT) was successfully completed in 
captivity (Sawada et al., 2005). However, mass production of juveniles has not been 
realized due to high mortality during the larval and the early juvenile stages (Ishibashi, 
2009). Causes of mortality include ﬂoating and sinking deaths of pre-ﬂexion larvae, 
cannibalization of post-ﬂexion larvae by juveniles, collision death in juvenile and young 
ﬁsh. However, over 40% of the mortality occurs 3–5 days after transferring the ﬁsh to the 
open sea net cage from a land-based tank (Ishibashi, 2006). Moreover, the causes of 
mortality of the PBT maintained in a sea cage are injury caused by bumping against the net 
wall, particularly injuries due to fatal damage to the eyes because of rapid growth, high 
rearing density and burst swimming (Masuma et al., 2011).  
Tuna have a remarkable suite of morphological and physiological traits that 
enhance performance, including thunniform swimming mechanics, high cardiac outputs 
and high metabolic rates (Korsmeyer and Dewar, 2001; Blank et al., 2007). Tuna has a 
highly streamlined body, concentration of aerobic red muscle to anterior and medial 
positions, and high sustained swimming speeds powered primarily by lateral body motion 




performance of tuna is dependent with the body size (Wardle et al. 1989), the large size of 
the bluefin tuna showing the high speed and power. 
The cruising and the maximum swimming speed of fish are limited by two quite 
distinct factors related to the length of the fish body (Wardle, 1977). The observations of 
scale effect on the swimming kinematic have been conducted such as the relationship 
between tail beat frequency, swimming speed and length (Bainbridge, 1958; Hunter and 
Zweifel, 1971, Webb et al., 1984). Maximum tail beat frequency decreased with increasing 
of size, while the muscle and aerobic efficiency increases with fish size in trout (Webb et 
al., 1984). Both body size and temperature affect the muscle twitch contraction time 
(Wardle, 1975; Wardle, 1980). Temperature increase makes the muscle operate faster, and 
larger body size is related to longer twitch contraction time (Wardle, 1980).  
The measurement of muscle contraction time and the estimation of maximum 
swimming speed of the giant bluefin tuna (Thunnus thynnus) have been conducted by 
Wardle et al. (1989). Sabate et al. (2013) measured the critical swimming speed and the 
maximum sustained speed of juvenile bluefin tuna (Thunnus orientalis) in the flume tank. 
However, the measurement of the swimming kinematic such as tail beat frequencies; stride 
length and swimming endurance have not fully reported. The objective of the present study 
was to determine the scale effect on the swimming performance of bluefin tuna. For that 
purposes we conducted the swimming performance monitoring using underwater video 
camera in the cage and keeping tank for different size group of fish. The swimming trial in 
the flume tank was also conducted to determine the stride length or swimming coefficient 
and swimming endurance of the juvenile bluefin tuna. In addition, we aimed to estimate 







6.2 Materials and Methods 
6.2.1 Underwater observation of free-swimming bluefin tuna in the cage and 
keeping tank 
The free swimming of bluefin tuna (Thunnus orientalis) was observed and video-
recorded in the sea cages on the Amami Hatchery Station during the summer of 2010 and 
2011. The first observation was conducted on August 2010 at the circular cage (30 m in 
diameter x 20 m in depth) for 100 cm of wild tuna. The second observation on November 
2011 was done in the square cages of 12 x 12 x 5 m (length x width x depth) contained of 
bluefin tuna of length 15–20 cm. The third observation in two circular cages of 30 m in 
diameter and 20 m in depth, contained up to 2000 individuals of rearing bluefin tuna of 
lengths between 30–40 cm and wild young tuna of length 30–35 cm.  
The swimming movements of tuna were recorded by two underwater video system 
units (DCR-SR100 video camera, Sony Corp.; blimp-shaped underwater housing, Goto 
Aquatics Corp. (Inoue et al., 1998)). The camera units were set in the cage at 1 m from the 
bottom in the center of the cage. In order that camera system should remain motionless and 
isolated from the movement of the swell, it was arranged as shown in Fig.6.1.  
Fish crossing that showed a steady swimming velocity in a range of video 
recording area were selected and analysed as described in the previous paper by Wardle et 
al., 1989. Using frame-by-frame video replaying, in each frame coordinate (xy) point were 
collected from tips of the head, tail and pectoral fin. From theses coordinates, the tail beat 
frequency; swimming speed and the stride length were counted (Wardle et al, 1989). Tail 
beat frequency was counted from video sequences.  The image sequences were selected for 
swimming speed analysis where the fish showed swam at the constant speeds (uniform 




bluefin tuna are shown in Fig. 6.2, with the frame rate of 30 frames per second. The 
swimming speed was calculated by distance covered by the time taken. One complete tail 
beat cycle was defined as the tip of caudal fin motion from one extreme position to the 
initial position, and frequency was the number of beat per second (Hz).  In order to 
determine the tail beat frequency vs. swimming speed relationship, a linear regression line 
was fitted to the data set at each size group of bluefin tuna for analyzing the stride length 
(k). 
Swimming performance of small juvenile (less than 5 cm TL) in the keeping tank 
was observed for the free swimming of the fish from the surface using a high speed video 
camera (Casio Exilim, EX-ZR100) with 120 frames/s. the camera was set in three position 
near the wall, at the middle and the center of the keeping tank of 5 x 4.8 x 4.5 m (length x 
width x depth). Similar procedure with cage observation was used in the keeping tank in 
order to calculate the tail beat frequency as shown in the Fig.6. 3.   
   
6.2.2 Flume tank observation of swimming bluefin tuna  
 To investigate the scale effect on swimming performance of bluefin tuna, we 
conducted a series of the forced swimming trial in the flume tank in September–October 
2012. Test fish were classified into two groups: small juvenile (2.5−4.8 cm TL, n = 62), 
and large juvenile (20.2-23.4 cm TL, n = 10). The total of 100 individual of small juvenile 
bluefin tuna in the keeping tank was transferred into the circular holding tank (200 cm in 
diameter and 100 cm depth). The tank was maintained with circulating system at the 
temperature of 27.1
○
C. For larger juvenile group, 10 individual of the fish were transferred 






Swimming endurance of small juvenile was measured in a flume tank (West Japan 
Fluid Engineering, PT-70) with a 70 cm x 30 cm x 30 cm (width x depth x length) test 
section at the range of temperature 26.0–28.5○C. Initially, 6 individual of small juvenile 
were put together in the swimming channel of the flume tank. The fish introduced and 
adapt for 10 min in still water without flow and were continued to acclimate for 30 min at 
an initial speed of 9.1 cm/s. Then, the flow was set at given speed (14.7–43.0 cm/s 
corresponded to 7–17 TL/s) until the fish could no longer maintain its position for full time 
of 200 min. Swimming endurance for each flow speed was determined as the duration until 
the fish discontinued swimming, or the endurance trial was terminated when pre-
determined time of 200 min as the maximum limit of the experiment (He, 1993; He and 
Wardle, 1988). The measurement of the endurance time of small juvenile was monitored 
by one by one individual until all the fish was exhausted and stopped swimming. The 
swimming speed was assumed to be equal to the flow speed at constant position of 
swimming. The stride length was measured during steady oscillation of the tail. In order to 
determine the tail beat frequency (Hz) and swimming speed, a linear regression line was 
fitted to the data for analyzing the stride length.   
The swimming speed was categorized into three levels as sustained, prolonged and 
burst speed after previous study by Webb (1975). Sustained swimming speed was defined 
as the swimming speed maintainable for 200 min through the swimming endurance trial. 
Once the swimming speed exceeds the upper limit of this level, so-called maximum 
sustainable speed, the anaerobic white muscle activity is incorporated into aerobic blood 
muscle activity, so that the swimming endurance is dramatically decreased and is 
terminated by fatigue (He and Wardle, 1988). This second level of swimming speed is 
characterized as the prolonged swimming speed. The highest level of swimming speed 
category is burst speed at which fish can sustain swimming for less than 15 seconds (Webb, 




semi-log coordinates, and the endurance time was regressed on the swimming speed by the 
least square method in order to described the relationship between swimming speed and 
endurance time. The maximum sustained swimming speed and the threshold of the burst 
speed were determined by substituting the swimming endurance of 200 min (12,000 s) and 
15 s to the equation respectively (Nofrizal et al., 2009)    
The same experimental apparatus was used in October 2012 with 10 large juveniles 
(15–23 cm TL, n = 10) at the water temperature of 22.7–23.4○C, but the flow speed was set 
in fixed speed of 28.9–130 cm/s corresponded to 2–7 TL/s until the fish could not 
counteract the flow speed due to exhaustion.  
 
6.2.3 Muscle contraction time to estimate the maximum swimming speed 
To assess the scale effect on the muscle contraction time, the fish were divided into 
three groups: the small juvenile (2.5–3.3 cm TL, n = 19), the medium juvenile (15.6–18.5 
cm TL, n = 7), the large juvenile (20.2–23.4 cm TL, n = 10). For comparison with the adult 
of bluefin tuna, we use the measurement data from the previous research by Wardle et al., 
(1989) for the size of 200–253 cm TL (n = 3). The muscle temperature of bluefin tunas was 
measured in the range of 24–28○C. 
The experimental apparatus for measuring muscle contraction time is shown in Fig. 
5.3 in Chapter 5. The selected position of the fish body was pierced with two needles of 7 
mm distance attached to the specially designed muscle twitch transducer. Single 
stimulation pulse of 1.5 V was delivered via needles of the transducer to the muscle, from 
two units of battery 1-sized 1.5 V connected in the parallel, for the time duration of 20-100 
ms by manual switching-on and -off. The muscle responded the stimulation pulse by 




attached strain gauge (KYOWA, Type KFWS-2N-120-C1z11L3M2R). This resistance was 
recorded by a portable strain data recording device (EDS-400A) powered by battery 
system (ESB-04A), for delivery the data to the computer for displaying the profile pattern 
through DCS-100A software. The elapsed time from delivery of the pulse to the peak of 
resistance is defined as the muscle contraction time (Wardle 1975).  
The maximum tail beat frequency (Fmax) was calculated from the minimum muscle 
contraction time (Tmin), using the equation F = 1/(2T), according to the previous study by 
Wardle 1975, since twice the twitch contraction time is the minimum time for one tail beat 
cycle. The maximum speed of a fish is estimated by using a formula: Umax = k·L/2Tmin, 
where Umax is the maximum swimming speed of fish, k is the stride length of fish, L is the 


































Fig. 6.1 Underwater video camera setting with three floats each with 595 g lift for each and 































Fig. 6.2 Underwater video setup and frame by frame playback video analysis of 30−40 cm 





























Fig. 6.3 Video recording of small juvenile in the flume tank from the surface and analysis 










From the all video records for different size of bluefin tuna, the total of 212 bouts 
of steady swimming speed and constant range in the cage were selected for analysis. The 
observed swimming speeds ranged of 0.9–2.6 TL/s (average = 1.6 TL/s) for 100 cm TL for 
large size, and 1.5–2.7 TL/s (average = 2.1 TL/s) for 30−35 cm TL of wild young tuna,  
2.4–6.4 TL/s (average 3.9 TL/s) for 35–45 cm TL, 2.6–5.7 TL/s (average = 3.9 TL/s) for 
15–20 cm TL at the daytime observation, and 1.1–3.3 TL/s (average = 2.4) for 15–20 cm 
TL at nighttime observation. The relationship between tail beat frequency and swimming 
speed shown in Fig. 6.4. The observed stride length for all group size while swimming at 
the constant speed was between 0.68 and 0.87 L.  For free swimming of the juvenile 
bluefin tuna in the keeping tank with length ranged as 2.5–5.0 cm TL, the swimming speed 
ranged as 2.5–9.0 TL/s (average = 5.5 TL/s). The stride length was calculated as 0.47, 
which is smaller than at the larger fish in the cage (Fig. 6.5).  
The maximum sustainable swimming speed was estimated from the semi-log linear 
regression line as shown in Fig. 6.6, to be as 13.1 cm/s or 4.8 TL/s. According to this 
analysis, the swimming curve is also shown in Fig. 6.7. Several individuals were not able 
to sustain swimming for more than 15 s, when the swimming speed was around 52.4 cm/s 
or 16.9 TL/s or faster. At the speed between 13.1 and 52.4 cm/s, various endurance time 
can be seen and with the dramatical decrease until a few second endurance as the speed 
was elevated as shown in Fig. 6.5. 
The swimming speed increased rectilinearly with the tail beat frequency at each 
size group (regression analysis, P < 0.01) as shown in Fig. 6.8. The stride length of the 
bluefin tuna swimming in the flume tank for small size group was 0.73, which was not 
significant different to the 0.70 for the medium group (one-way ANOVA, P < 0.01). The 




than that of medium size as 1.2–6.5 TL/s. The highest swimming speed observed for small 
size group was 17.2 TL/s, at this speed level for the tail beat frequency as 19.5 Hz.  
Fig. 6.9 shows the muscle contraction time of bluefin tuna at different size group. The 
muscle contraction time was increase with the total length increase. The muscle 
contraction time of the small size group was 12–18 ms, which were shorter than the 
20−25.3 for medium juvenile, 18.0–26.0 ms for large juvenile and 37.0–55.0 ms for adult 
by Wardle et al. (1989) (one-way ANOVA, P < 0.01). The medium and large group was 
not significantly different (one-way ANOVA, P > 0.01). The average of the muscle 
contraction time for each size group will be used in order to estimate the maximum tail 
beat frequency. The maximum tail beat frequency of small, medium and large juvenile 
were 34.8, 22.2 and 24.2 respectively. For medium and large juvenile, the estimate 
maximum swimming speed was 2.5 and 3.5 m/s, respectively. The small juvenile group 
recorded the lowest estimated swimming speed of 0.7 m/s as shown in Fig. 6.10, with the 


































Fig. 6.4 Bluefin tuna swimming plotted against tail beat frequency for different size 
group. The regression line is representing the stride length ranged between 


























Fig. 6.5 The relationship between swimming speed and tail beat frequency of small 
juvenile. The continuous line show the stride length, where the swimming speed 





























Fig. 6.6 Relationship between swimming endurance and speed (cm/s) of small juvenile 
bluefin tuna (2.5−4.8 cm TL). Data were regressed for semi-log linear regression 






















































Fig. 6.8 Swimming speed U (TL/s) in relation to the tail beat frequency F (Hz). Open 
triangles for small juvenile and open circles for large juvenile, with the linear 





































































Based on the swimming performance monitoring in the cage by underwater video 
observation, the bluefin tuna in the cage showed continuous sustained swimming speeds 
with variation between the size groups.  For large bluefin tuna of 100 cm the sustained 
speed showed between 0.9–2.6 m/s. Wardle et al. (1989) reported that the sustained 
swimming speed of 170–330 cm of giant bluefin tuna (Thunnus thynnus) in the cage is 
ranged as 0.3−11 L/s or 1.2–3.2 m/s. The averaged sustained speed of 20 – 40 cm bluefin 
tuna in this study was ranged as 2.1–3.9 TL/s or 0.6–1.56 m/s, with a wide variation in 
stride length of 0.68–0.87 TL/s. The sustained speed of 20–40 cm bluefin tuna was higher 
than 24−39 cm TL of mackerel (Scomber scombrus) as 0.9−1.0 TL/s or 0.2−0.4 m/s, with 
variation in the stride lengths of 0.7–0.8 L/s (He and Wardle, 1988). Komeyama et al. 
(2011) reported that swimming speed of 51 cm FL reared bluefin tuna monitored by data 
logger is range of 0.7–0.8 m/s (approximately 1.4 FL/s), with the maximum swimming 
speed of 3.6 m/s.  
Swimming endurance of the small juvenile of bluefin tuna was observed to be 
different for each individual. The finding that the swimming endurance was length 
dependent suggests that the different sizes of fish were operating within levels of their 
swimming capability. Depending on the fish size, the swimming speed was ranged as 
9.1−43.0 cm/s or 3.2−16.5 TL/s. The relationship between swimming endurance and 
swimming speed in Fig. 6.7 showed that the increase of the swimming speed would 
decrease the endurance time. This results support the finding as reported in the previous 
studies (He and Wardle, 1988; Purbayanto 1999; Amornpiyakrit, 2003; Nofrizal et al., 
2009). Decreasing of the swimming endurance can be explained from the physiological 
aspect, during the sustained swimming speed only blood muscle is actively functioned. 




suddenly becomes limited because a greater share of the energy for swimming is derived 
from the anaerobic swimming muscle (Wardle, 1977), where the ordinary muscle is 
activated with the speed increases. With the activation of white muscle, the lactic acid is 
produced so that causes muscle fatigue (Tsukamoto, 1984; Xu et al., 1993 and Riyanto and 
Arimoto in 2014, 2015). The maximum swimming speed of small juvenile tuna was 13.1 
cm/s or 4.8 TL/s in this result was in agreement with previous study by Sabate el al. (2013), 
where the maximum swimming speed using fixed speed of 2 cm/s or 1 SL/s for 10 h 
swimming in the flume tank is 4.2 ± 1.8 SL/s. The information of maximum sustainable 
speed can be used to control the water flow and circulation slower than the maximum 
sustainable speed to prevent severe exercise condition for reducing the mortality during 
early stage of bluefin tuna juvenile in the keeping tank. 
Based on the results the swimming speed increases rectilinearly with tail beat 
frequency for all size groups as shown in Fig. 6.8. The maximum tail beat frequency was 
dependent of fish size, as the small juvenile was higher than large juvenile. This results in 
good agreement with previous paper by Hunter and Zweifel (1971) for variation length 
between 4.5 cm and 2.7 cm of jack mackerel. The knowledge of the relationship between 
swimming speed and the tail beat frequency is important not only for understanding the 
mechanism of locomotion in fish, but can be used to estimate the maximum swimming 
speed (Bainbridge, 1958). The relative swimming speed of the small group juveniles in our 
results was higher than that larger juvenile. The relative swimming speed in total length 
per second in small fish is higher than in larger individuals, even though the small 
individuals is more slower than larger ones (Alexander, 1982).  
Information about the swimming performance of bluefin tuna in the aquaculture 
system is important to design the keeping tank and cage. The highest mortality rates of the 
juvenile stage of bluefin tuna due to collision with tank walls and net cages (Miyashita et al, 




information of swimming capabilities such as the maximum swimming speed. The 
maximum swimming speed was calculated by predicted the maximum tail beat frequency 
obtained from the muscle twitch experiment (Wardle, 1975). The result of muscle 
contraction monitoring of juvenile bluefin tuna in this paper was in agreement with the 
previous studies, in that the contraction time was longer with for larger size (Wardle 1977; 
Wardle and He, 1988; Wardle et al. 1989; Xu, 1989 and Yanase et al. 2007).  
Wardle et al 1989 reported that a 2.26 m bluefin tuna (Thunnus thynnus)  with a 
muscle contraction time of 50 ms at 25% length position, can estimate the maximum tail 
beat frequency of 10 Hz for the maximum swimming speed of 15 m/s (54 km/h) with a 
stride length of 0.65 L. In this paper we estimate the maximum swimming speed of small, 
medium and large juvenile as 0.7, 2.5, and 3.5 m/s respectively. Based on this result we 
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Appendix A Specification of flume tank 
Main body of tank  
Form Impeller ceremony direct circulation tank. 
Measurement 241.6 cm length x 109.7 height x 40 cm weight. 
Material Stainless steel (SUS316L). 
Swimming channel 
70 cm length x 30 cm height x 30 cm width, and 20 cm 
water depth. 
Material of swimming channel Transparent acrylic board, and 1 cm thickness 
Cover of swimming channel Transparent acrylic sealing cover, and rubber packing  
Main body weight 250 kg  
Main body with capacity 2941 kg 
Motor  
Impeller Material, aluminum bronze 
Maximum rotation of impeller 60 Hz 
Maximum velocity of running fluid 160.3 cm (observation all of part) 
Observation part central Electromotor 3 
Phase induction motor 1.5 kW, 200 V, 50 Hz, 15 A 
Motor Controller PT-70 (digital display) 
  
Bubble removal device Vacuum electromagnet valve x 2; 
Vacuum pump x 2 100 W x 100 V x 0.5 A 









Appendix B Specification of the oscilloscope  
Model DS-5102 
Frequency band 25 MHz 
Bandwidth-limited 20 MHz 
Number of input channel 2 
Vertical sensitivity 2mV/div~5V/div 
DC gain accuracy 
 
+/-3% (10mV/div ~5V/div) 
+/-4% (5mV/div ~9.9mV/div) 




Voltage assignment power age 400V (DC +AC peak) CAT I 
Input coupling AC, DC, GND 
Input impedance 1MΩ / / approx. 15pF (DC coupled) 
Vertical resolution 8 bit 
Inversion ○ (Software inversion) 
Switching sensitivity of the probe 1x, 10x, 100x, 1000x (manual) 
Capture mode Normal, Average, peak detection 
Average 2-256 times (twice power) 
Pulse width of the peak detection 10 ns 15 ns 20 ns 30 ns 
Maximum sampling rate 
400 MS/s (1 ch), 200 MS/s (2 ch)  
Samples equivalent: 25 GS/s  
X-Y mode: 100 MS/s  
Roll mode: 512 kS/s 
All the time - base stability Less than 100 pm 











Appendix B Specification of the oscilloscope (Continued) 
View mode Y-T, X-Y, Roll mode 
All the time range 20 ns/div~50s/div 
Remote range 50 ms/div~50 s/div 
Trigger input CH1, CH2, LINE, Ext, Ext/5 
Trigger mode Auto, Normal, Single 
Hold off 100 ns~1.5 s 
Trigger type Edge, pulse, video 
All label range trigger 
Internal trigger: ± 6 div,  
External trigger: ± 1.2 V,  EXT / 5 = ± 6 V 
Long of the voltage triggering 
external sites 
400 V (DC +AC peak) CAT I 
Find label 
Set all drop from the trigger label 
(Over 50 Hz ) 
Forced (manual)trigger o 
Measurements 
Cur measurement 
Voltage measurements (ΔV), time 
measurements (ΔT), measured 
frequency (1 /Δ T) 
Automatic 
measurement 
Vpp, Vamp, Vmax, Vmin, Vtop, Vbase, 
Vavg, Vrms  
Overshoot, Preshoot, frequency, period, 
Rise Time, Fall time, + pulse width, - 
pulse width, + duty, - duty, Delay 1 -> 2 




Math functions Addition, subtraction, multiplication, FFT 
Display 












Appendix B Specification of the oscilloscope (Continued) 
Persistence (see overwriting) Infinite time 
Probe type-calibration signal 
probe 
3V +/-5% (1 MΩ or more at load) 1 KHz +/-0.1% 
Waveform processing 
Zoom features 
Original waveform with the waveform 
displayed simultaneously expanding 
horizon 
Digital filter 
Low pass, high pass, band pass, band 
reject 
REF features 
Reference waveform can be displayed as 
(USB memory driver) 
Admission 
decision 
Admission decision by the mask 
Waveform record Record, playback, save 
Menu - / language to Help English, Japanese 
Out- Setup Vertical axis, horizontal axis, Setting for a trigger (with undo) 
Measurement conditions, data 
save function, reads features 
Internal Memory: 10 waveforms, 10-panel configuration  
USB memory: bitmap, CSV, Waveforms, setting panel 
Interface 
USB (host, devices), RS-232, admission decision output 
(BNC) 
Power 
AC100V~120V 50Hz/60Hz/400Hz、AC 200V~240V 
50Hz/60Hz 



































Appendix B Specification of the oscilloscope (Continued) 
Dimensions 
303 mm (W) x146 mm (H) x112 mm (D) (Process, excluding 
accessories) 
Weight About 2.2 kg (excluding accessories) 






































Fish size: FL  
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
Low tail beat frequency (< 6 Hz) 
1 17.70 1.70 1.10 19.47 
2 16.50 1.80 1.10 18.15 
3 17.20 1.90 1.10 18.92 
4 16.70 1.70 1.20 20.04 
5 18.80 2.00 1.20 22.56 
6 17.00 2.25 1.52 25.84 
7 18.20 3.40 2.30 41.86 
8 18.90 3.30 2.20 41.58 
9 17.40 3.33 2.31 40.19 
10 18.00 3.10 2.10 37.80 
11 17.50 3.30 2.20 38.50 
12 20.10 3.60 2.20 44.22 
13 18.10 3.71 2.25 40.73 
14 17.50 4.30 2.90 50.75 
15 17.50 4.60 3.10 54.25 
16 17.60 4.30 2.70 47.52 
17 18.40 4.40 2.90 53.36 
18 18.30 4.60 3.10 56.73 
19 18.50 4.68 3.20 59.20 
20 17.80 4.50 2.90 51.62 
21 17.50 4.90 3.30 57.75 
22 18.00 4.90 3.10 55.80 
23 18.20 5.05 3.10 56.42 
24 19.00 5.90 4.00 76.00 
25 17.80 5.60 4.00 71.20 
26 17.30 5.40 3.90 67.47 
27 19.20 5.80 4.20 80.64 
28 18.20 5.60 4.00 72.80 
29 17.80 5.80 4.20 74.76 
30 18.40 5.60 4.00 73.60 
31 17.30 5.40 4.20 72.66 
32 18.30 5.90 4.20 76.86 
33 18.90 5.90 4.10 77.49 
34 19.60 2.21 1.54 30.18 
35 19.80 2.74 1.82 36.04 
36 18.60 2.94 2.10 39.06 
37 20.50 5.32 3.60 73.80 
38 17.80 4.32 2.60 46.28 
39 20.60 3.72 2.45 50.47 
40 19.60 4.40 2.85 55.86 













Fish size: FL 
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
High tail beat frequency (≥ 6 Hz) 
42 19.00 6.40 4.20 79.80 
43 17.10 6.06 3.89 66.52 
44 17.80 6.60 4.40 78.32 
45 17.50 6.97 5.47 95.73 
46 17.00 7.22 5.47 92.99 
47 17.30 7.00 4.70 81.31 
48 16.80 7.07 4.68 78.62 
49 18.60 7.16 4.68 87.05 
50 18.60 7.20 5.30 98.58 
51 17.10 7.30 5.30 90.63 
52 18.00 7.50 5.20 93.60 
53 18.20 7.78 5.40 98.28 
54 18.40 7.80 5.70 104.88 
55 17.70 7.90 6.10 107.97 
56 17.20 7.94 5.29 90.99 
57 19.40 8.40 5.80 112.52 
58 19.00 9.20 6.30 119.70 
59 17.90 9.60 6.90 123.51 
60 18.50 9.80 6.70 123.95 
61 19.00 9.80 7.31 138.89 
62 18.50 10.80 7.70 142.45 
63 18.50 11.56 8.00 148.00 
64 19.10 11.40 8.30 158.53 
65 19.60 11.86 8.50 166.60 
66 18.20 12.40 8.50 154.70 
67 19.60 6.41 4.80 94.08 
68 19.80 6.12 4.57 90.49 
69 18.60 12.10 8.82 164.05 
70 20.50 10.42 7.80 159.90 
71 17.80 10.82 7.60 135.28 
72 20.60 9.61 6.60 135.96 
73 19.60 6.62 4.68 91.73 
74 17.50 8.62 6.42 112.35 
75 18.50 6.81 4.43 81.96 
76 18.50 8.42 5.47 101.20 
77 19.50 10.64 7.24 141.18 
78 17.70 10.21 7.52 133.10 
79 18.00 8.82 6.30 113.40 
80 18.20 11.82 8.30 151.06 
81 18.40 10.66 7.31 134.50 
82 18.70 8.58 6.10 114.07 
Average 18.33 - - - 










Fish size: FL  
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
Low tail beat frequency (< 6 Hz) 
1 17.00 2.00 1.10 18.70 
2 17.70 2.20 1.70 30.09 
3 17.90 2.20 1.60 28.64 
4 18.50 2.50 2.10 38.85 
5 18.00 2.70 2.10 37.80 
6 17.80 3.30 2.60 46.28 
7 17.00 3.35 2.51 42.67 
8 17.10 3.42 2.51 42.90 
9 18.60 4.20 3.10 57.66 
10 18.30 3.76 2.51 45.91 
11 17.90 4.80 3.20 57.28 
12 17.00 3.88 3.40 57.72 
13 18.00 4.90 3.10 55.80 
14 19.00 3.90 3.10 58.90 
15 17.10 5.06 3.31 56.60 
16 17.40 4.22 2.48 43.15 
17 17.90 5.30 3.60 64.44 
18 17.60 5.00 3.80 66.88 
19 18.50 5.30 4.00 74.00 
20 17.00 5.30 4.10 69.70 
21 19.20 5.40 4.10 78.72 
22 18.30 5.50 4.10 75.03 
23 18.70 5.60 4.00 74.80 
24 19.30 5.60 3.90 75.27 
25 17.40 5.71 4.25 73.95 
26 17.10 5.76 3.29 56.29 
27 20.00 5.80 4.00 80.00 
28 18.00 5.80 4.10 73.80 
29 18.50 5.90 3.85 71.21 
30 18.60 2.54 1.92 35.71 
31 17.40 2.43 1.60 27.84 
32 18.50 3.25 2.34 43.29 
33 18.30 2.82 2.12 38.80 
34 19.40 4.56 3.24 62.86 
35 18.40 4.68 3.40 62.56 
36 18.50 4.98 3.60 66.60 
37 17.10 5.02 3.80 64.98 
38 17.50 3.20 2.42 42.35 
39 19.00 2.70 1.80 34.20 
40 19.40 4.12 3.02 58.59 












Fish size: FL 
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
High tail beat frequency (≥ 6 Hz) 
42 18.00 6.00 4.10 73.80 
43 17.00 6.09 4.89 83.13 
44 18.50 6.40 5.20 96.20 
45 17.40 6.58 4.03 70.12 
46 18.10 6.80 5.00 90.50 
47 18.40 6.82 4.30 79.18 
48 18.60 5.87 4.30 80.04 
49 18.50 6.90 5.10 94.35 
50 17.50 6.90 5.30 92.75 
51 17.00 6.96 5.47 92.99 
52 17.00 5.96 4.68 79.56 
53 17.90 7.30 6.30 112.77 
54 18.60 7.40 6.10 113.46 
55 17.40 7.43 4.80 83.52 
56 18.30 7.50 5.00 91.50 
57 18.30 7.51 4.57 83.69 
58 17.40 7.53 4.57 79.52 
59 17.00 7.68 5.66 96.14 
60 17.10 7.68 4.66 79.60 
61 17.30 7.70 7.30 126.29 
62 19.50 7.80 6.30 122.85 
63 18.20 7.90 5.40 98.28 
64 18.10 8.03 5.66 102.36 
65 17.50 8.18 5.44 95.18 
66 17.50 8.20 6.80 119.00 
67 17.80 8.30 7.90 140.62 
68 18.30 8.40 7.40 135.42 
69 17.80 8.40 6.40 113.92 
70 18.50 8.70 7.10 131.35 
71 17.80 8.90 6.90 122.82 
72 17.40 8.94 6.29 109.45 
73 18.60 11.20 8.60 159.96 
74 20.40 9.80 8.40 171.36 
75 19.30 10.40 9.00 173.70 
76 18.90 11.10 9.40 177.66 
77 18.30 9.82 7.24 132.49 
78 19.40 10.72 8.20 159.08 
79 18.40 11.10 8.62 158.61 
80 17.50 11.00 8.47 148.23 
81 19.40 11.62 9.02 174.99 
82 18.40 10.80 8.50 156.40 
Average 18.10 - - - 










Fish size: FL  
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
Low tail beat frequency (< 6 Hz) 
1 18.50 2.20 1.60 29.60 
2 18.30 2.40 1.81 33.12 
3 18.40 2.50 2.06 37.90 
4 20.30 2.80 2.15 43.65 
5 18.30 2.95 2.08 38.06 
6 18.50 3.00 2.04 37.74 
7 17.10 3.42 2.51 42.92 
8 19.00 4.75 3.18 60.42 
9 18.50 3.78 2.39 44.22 
10 18.30 4.10 2.92 53.44 
11 18.90 4.10 2.89 54.62 
12 17.30 5.73 3.49 60.38 
13 19.50 4.20 3.00 58.50 
14 18.30 4.20 3.12 57.10 
15 18.40 4.70 3.00 55.20 
16 18.50 4.76 3.12 57.72 
17 18.20 4.90 2.92 53.14 
18 18.30 5.00 3.13 57.28 
19 17.30 5.45 4.05 70.07 
20 17.30 5.56 4.27 73.87 
21 18.50 5.66 3.85 71.23 
22 18.50 5.86 3.85 71.23 
23 17.40 2.30 1.58 27.49 
24 18.00 1.90 1.04 18.72 
25 20.00 2.97 2.08 41.60 
26 18.50 4.30 3.07 56.80 
27 17.50 5.20 3.65 63.88 
28 15.50 5.65 4.08 63.24 
29 19.40 5.30 3.80 73.72 
30 20.20 5.40 3.46 69.89 
31 18.30 5.62 3.94 72.10 
32 18.50 5.54 3.85 71.23 
33 18.00 4.32 3.12 56.16 
34 18.00 1.53 1.12 20.16 
35 20.50 5.42 4.18 85.69 
36 18.40 4.45 3.13 57.59 
37 18.40 3.35 2.05 37.72 
38 19.60 5.80 4.12 80.75 
39 17.60 4.56 3.40 59.84 
40 18.40 3.60 2.42 44.53 













Fish size: FL  
(cm) 
Tail beat frequency: F Swimming speed: U 
(HZ) (FL/s) (cm/s) 
High tail beat frequency (≥ 6 Hz) 
42 18.90 6.00 4.32 81.65 
43 18.20 6.00 4.09 74.44 
44 19.00 6.05 3.87 73.53 
45 17.10 6.06 4.29 73.36 
46 20.50 6.10 3.96 81.18 
47 19.30 6.30 4.05 78.17 
48 17.30 6.36 4.82 83.39 
49 17.10 6.36 4.85 82.94 
50 18.50 6.67 3.58 66.14 
51 18.50 6.70 5.00 92.50 
52 18.00 6.80 3.91 70.38 
53 18.50 6.87 5.03 93.06 
54 17.30 6.97 5.60 96.88 
55 18.80 7.00 5.08 95.50 
56 18.50 7.27 4.30 79.55 
57 18.50 7.30 4.64 85.84 
58 18.30 7.50 7.00 128.10 
59 18.50 7.51 5.57 103.05 
60 17.30 7.58 5.38 93.07 
61 15.50 8.08 5.02 77.81 
62 18.90 8.10 6.41 121.15 
63 17.10 8.18 6.44 110.12 
64 20.00 8.20 5.87 117.40 
65 19.00 8.30 5.92 112.48 
66 18.40 8.30 5.72 105.25 
67 17.10 8.34 5.65 96.62 
68 19.50 8.40 6.18 120.51 
69 18.30 8.50 6.78 124.07 
70 18.40 8.60 7.00 128.80 
71 18.50 8.60 7.00 129.50 
72 19.00 8.96 7.04 133.76 
73 19.70 9.07 7.09 139.67 
74 18.50 9.20 7.84 145.04 
75 18.70 9.40 8.53 159.51 
76 19.50 9.60 7.80 152.10 
77 18.00 9.75 8.10 145.80 
78 18.90 10.00 7.48 141.37 
79 18.20 10.00 8.02 145.96 
80 19.00 10.00 8.30 157.70 
81 18.20 11.40 8.50 154.70 
82 19.10 11.40 8.70 166.17 
Average 18.43 - - - 




Appendix F  Muscle contraction time of jack mackerel at longitudinal position from the snout for control fish (without 
exercise) at different temperatures 





C) (cm) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
10 18.50 - - 29.60 30.00 29.60 36.00 43.20 - - - 
10 18.50 - - 33.20 33.20 38.80 39.20 39.60 - - - 
10 19.50 - - 33.20 40.00 40.40 47.60 50.00 - - - 
10 17.70 - - 36.40 38.00 40.40 43.20 44.40 - - - 
10 18.00 - - 26.00 31.60 32.00 32.00 32.00 - - - 
10 18.20 - - 29.20 29.40 30.60 34.40 32.00 - - - 
10 18.40 - - 30.60 33.80 35.60 40.00 41.20 - - - 
10 18.70 - - 32.30 34.60 36.80 39.80 40.40 - - - 
Average 18.44 - - 31.31 33.83 35.53 39.03 40.35 - - - 
S.D. 0.50 - - 3.16 3.70 4.34 4.96 6.08 - - - 
15 17.50 - - 21.20 25.20 26.40 28.40 30.24 - - - 
15 19.00 - - 22.00 25.60 26.58 27.60 28.64 - - - 
15 19.40 - - 28.00 30.00 30.40 25.20 31.60 - - - 
15 18.40 - - 24.00 27.60 24.00 26.80 34.80 - - - 
15 20.20 - - 20.80 22.40 23.60 24.40 27.20 - - - 
15 18.60 - - 22.80 20.40 23.60 25.20 44.80 - - - 
15 18.30 - - 26.00 31.20 32.40 38.40 36.40 - - - 
15 18.00 - - 23.60 23.20 25.60 26.80 32.00 - - - 
Average 18.68 - - 23.55 26.93 27.79 27.07 30.16 - - - 
S.D. 0.79 - - 2.29 3.52 3.07 4.19 5.31 - - - 
22 17.40 - - 19.20 19.60 20.00 26.60 28.40 - - - 
22 18.00 - - 21.60 22.00 23.60 26.00 32.00 - - - 
22 20.00 - - 20.40 28.40 24.40 24.80 27.20 - - - 
22 18.50 - - 22.00 24.00 24.40 26.80 27.60 - - - 
22 17.50 - - 18.40 19.20 20.00 22.80 30.80 - - - 
22 15.50 - - 23.60 23.60 26.40 26.82 28.40 - - - 
22 19.40 - - 20.80 22.20 22.20 26.40 28.60 - - - 
22 20.20 - - 20.60 22.60 20.80 26.60 32.40 - - - 
Average 18.31 - - 20.86 22.70 23.00 25.85 29.20 - - - 








Appendix G  Muscle contraction time of jack mackerel at longitudinal position from the snout for exercised fish at different 
temperatures 





C) (cm) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
10 19.6 - - 34.00 41.40 41.00 44.00 46.00 - - - 
10 19.8 - - 32.00 34.00 35.00 41.00 40.00 - - - 
10 18.6 - - 36.00 37.00 41.00 37.00 38.20 - - - 
10 20.5 - - 33.00 47.00 44.00 44.00 44.00 - - - 
10 17.8 - - 32.00 35.00 35.00 35.00 42.00 - - - 
10 20.6 - - 26.00 27.00 32.00 30.00 40.00 - - - 
10 19.6 - - 33.00 37.00 38.00 39.00 39.00 - - - 
10 17.5 - - 31.00 35.00 38.00 44.00 40.20 - - - 
Average 19.25 - - 32.13 35.00 38.00 38.00 42.04 - - - 
S.D. 5.88 - - 5.88 4.61 3.67 4.76 2.50 - - - 
15 18.60 - - 31.60 31.60 31.20 33.20 38.00 - - - 
15 17.40 - - 28.00 31.20 34.40 35.20 36.00 - - - 
15 18.50 - - 24.80 29.28 25.20 27.60 26.80 - - - 
15 18.30 - - 36.00 40.40 39.20 42.40 40.40 - - - 
15 19.40 - - 34.00 34.2 35.20 42.40 43.60 - - - 
15 18.40 - - 32.60 36.6 36.40 35.80 36.60 - - - 
15 18.50 - - 38.80 42.8 42.40 52.80 40.20 - - - 
15 17.10 - - 30.10 31.6 30.80 34.20 34.20 - - - 
Average 18.28 - - 31.99 34.71 34.35 37.95 36.98 - - - 
S.D. 5.88 - - 4.44 4.82 5.34 7.71 5.06 - - - 
22 18.30 - - 26.00 32.40 31.20 36.40 38.40 - - - 
22 18.50 - - 26.80 26.00 26.80 28.40 28.20 - - - 
22 18.00 - - 23.60 24.80 26.00 26.80 32.00 - - - 
22 18.00 - - 31.60 31.60 36.00 46.80 46.00 - - - 
22 20.5 - - 25.60 26.40 27.20 30.00 31.60 - - - 
22 18.4 - - 27.60 26.60 30.40 31.20 32.40 - - - 
22 18.4 - - 25.20 29.20 32.30 36.40 38.40 - - - 
22 19.6 - - 24.40 23.60 25.60 26.00 33.60 - - - 
Average 18.71 - - 26.87 27.97 29.99 33.71 35.24 - - - 









Appendix H Heart rate in control, during swimming exercise and recovery time at different temperatures 
  Heart rate in  Heart rate in swimming exercise Recovery 
time 
(min) 






1.6 ± 0.1 2.4 ± 0.1 3.2 ± 0.2 3.9 ± 0.2 4.7 ± 0.3 5.3 ± 0.3 5.9 ± 0.2 
1 10.1 39.0 43.0 59.0 73.0 86.0 98.0 - - 164 
2 10.3 32.0 40.0 55.0 66.5 84.5 110.0 - - 180 
3 10.1 31.0 31.0 41.0 77.0 120.0 124.0 - - 210 
4 9.7 42.9 49.0 62.0 66.5 86.0 105.0 112.8 - 240 
5 10.3 50.4 52.5 58.0 71.5 94.0 113.5 - - 174 
6 10.7 35.2 37.5 42.5 52.0 71.8 - - - 150 
7 9.9 25.3 29.0 30.0 40.0 59.0 63.3 - - 172 
8 11.0 35.96 48.0 54.5 59.0 68.5 80.0 - - 200 
9 15.2 61.0 66.0 97.5 117.0 120.5 125.0 - - 180 
10 15.8 52.3 52.5 61.0 75.0 125.5 143.0 143.8 - 306 
11 15.3 52.9 58.0 89.0 96.0 84.0 93.8 - - 300 
12 15.7 45.6 45.5 47.5 53.5 71.0 105.5 127.5 120.0 304 
13 15.4 62.3 68.0 83.5 105 126.5 129.3 - - 210 
14 15.8 51.3 61.0 73.0 85.5 95.5 117.0 137.5 - 310 
15 15.8 74.5 84.0 92.5 112.0 136.5 160.0 165.0 - 300 
16 15.0 49.2 56.0 61.5 78.0 102 113.5 - - 270 
17 20.8 69.7 71.5 104.5 129.0 136.5 149.5 148.8 - 315 
18 23.2 56.6 60.5 79.0 116.0 119.0 136.5 149 152.5 256 
19 23.4 65.5 62.0 64.0 71.0 106.0 134.0 169.0 170.0 360 
20 24.0 70.3 71.0 72.0 83.5 91.0 136.0 196.5 200.0 un-recovery 
21 24.2 66.0 64.5 64.5 69.5 97.0 153.0 184.5 187.5 480.0 
22 24.8 89.2 108 123.0 140.5 141.0 165.0 174.5 182.5 364.0 
23 22.8 80.2 92.0 117.5 129.0 139.5 148.0 166.5 180.8 360.0 








Appendix I Tail beat frequency, swimming speed and endurance time of small juvenile 
bluefin tuna 




(cm) (Hz) (cm/s) (TL/s) (sec) 
1 3.0 19.2 43.0 14.3 7 
2 3.0 20.2 43.0 14.3 7 
3 2.7 15.7 31.7 11.7 14 
4 2.9 20.2 43.0 14.8 15 
5 2.5 19.5 43.0 17.2 21 
6 2.5 21.3 37.4 14.9 30 
7 2.9 18.7 37.4 12.9 30 
8 2.6 18.2 43.0 16.5 32 
9 3.2 21.1 43.0 13.4 52 
10 3.2 19.3 43.0 13.4 52 
11 3.8 16.1 43.0 11.3 66 
12 3.8 16.6 43.0 11.3 66 
13 2.9 19.5 43.0 14.8 68 
14 2.9 20.2 43.0 14.8 90 
15 3.0 15.6 43.0 14.3 95 
16 3.0 16.6 43.0 14.3 96 
17 3.1 18.5 43.0 13.9 98 
18 4.0 15.4 43.0 10.8 120 
19 4.0 16.3 43.0 10.8 120 
20 2.9 14.0 31.7 10.9 127 
21 2.9 12.7 26.0 9.0 145 
22 3.2 16.6 43.0 13.4 145 
23 3.3 13.7 31.7 9.6 150 
24 2.7 13.9 26.0 9.6 152 
25 2.6 13.6 26.0 10.0 222 
26 3.1 15.8 37.4 12.0 265 
27 3.2 16.5 37.4 11.7 265 
28 2.9 17.3 31.7 10.9 270 
29 3.4 14.8 31.7 9.3 290 
30 2.9 12.4 26.0 9.0 350 
31 3.1 16.0 37.4 12.0 385 
32 2.8 15.0 26.0 9.3 396 
33 2.8 17.6 31.7 11.3 410 
34 3.0 14.2 26.0 8.7 444 
35 3.0 11.8 26.0 8.7 444 
36 3.2 13.0 31.7 9.9 445 
37 2.9 12.7 26.0 9.0 539 
38 3.1 11.6 26.0 8.4 765 
39 2.8 15.2 26.0 9.3 894 
40 3.2 18.1 31.7 9.9 949 








Appendix I Tail beat frequency, swimming speed and endurance time of small juvenile 
bluefin tuna (Continued) 




(cm) (Hz) (cm/s) (TL/s) (sec) 
42 2.7 9.9 20.4 7.6 1560 
43 2.7 12.0 20.4 7.6 1860 
44 3.3 10.7 26.0 7.9 2040 
45 2.5 9.3 14.7 5.9 2520 
46 2.8 10.8 20.4 7.3 3240 
47 3.1 9.7 26.0 8.4 7440 
48 2.9 8.6 20.4 7.0 9240 
49 2.9 8.0 14.7 5.1 > 12000 
50 2.6 7.8 14.7 5.7 > 12000 
51 2.5 8.9 14.7 5.9 > 12000 
52 2.9 10.3 14.7 5.1 > 12000 



































Appendix J Relationship among tail beat frequency, swimming speed and stride length of 
large juvenile bluefin tuna 
No. Fish size: TL Tail beat frequency: F Swimming speed: U Stride length 
 
(cm) (Hz) (cm/s) (TL/s) 
 1 22.5 2.3 28.9 1.3 0.54 
 
22.5 3.0 43.0 1.9 0.62 
 
22.5 3.6 57.1 2.5 0.75 
 
22.5 4.0 71.3 3.2 0.79 
2 20.9 2.7 28.9 1.4 0.51 
 
20.9 3.1 37.4 1.8 0.51 
 
20.9 3.6 45.8 2.2 0.60 
 
20.9 4.6 62.8 3.0 0.72 
3 21.1 2.4 28.9 1.4 0.61 
 
21.1 2.6 37.4 1.8 0.71 
 
21.1 3.1 45.8 2.2 0.73 
 
21.1 3.6 54.3 2.6 0.72 
 
21.1 4.1 62.8 3.0 0.73 
 
21.1 4.7 71.3 3.4 0.76 
4 20.4 2.2 28.9 1.4 0.61 
 
20.4 2.5 37.4 1.8 0.78 
 
20.4 3.2 45.8 2.2 0.67 
 
20.4 3.7 54.3 2.7 0.71 
 
20.4 4.3 62.8 3.1 0.67 
 
20.4 4.7 71.3 3.5 0.73 
 
20.4 5.4 79.8 3.9 0.69 
5 20.9 2.1 28.9 1.4 0.62 
 
20.9 2.2 37.4 1.8 0.62 
 
20.9 3.1 45.8 2.2 0.66 
 
20.9 3.8 54.3 2.6 0.69 
 
20.9 4.3 62.8 3.0 0.67 
6 22.1 2.1 28.9 1.3 0.57 
 
22.1 2.4 37.4 1.7 0.65 
 
22.1 3.1 45.8 2.1 0.67 
 
22.1 3.7 54.3 2.5 0.63 
 
22.1 4.0 62.8 2.8 0.72 
 
22.1 4.4 71.3 3.2 0.71 
 
22.1 5.0 79.8 3.6 0.73 
 
22.1 5.4 88.2 4.0 0.82 
 
22.1 5.7 96.7 4.4 0.83 
 
22.1 6.2 105.2 4.8 0.78 
 
22.1 6.9 113.7 5.1 0.73 
 
22.1 7.5 122.2 5.5 0.68 
 




Appendix J Relationship among tail beat frequency, swimming speed and stride length of 
large juvenile bluefin tuna (Continued) 




(cm) (Hz) (cm/s) (TL/s) 
 7 20.2 2.1 28.9 1.4 0.64 
 
20.2 3.4 45.8 2.3 0.69 
 
20.2 4.1 54.3 2.7 0.72 
 
20.2 4.5 62.8 3.1 0.75 
 
20.2 4.9 71.3 3.5 0.76 
 
20.2 5.7 79.8 3.9 0.73 
 
20.2 5.8 88.2 4.4 0.71 
 
20.2 6.6 96.7 4.8 0.69 
 
20.2 7.2 105.2 5.2 0.74 
 
20.2 7.8 113.7 5.6 0.72 
 
20.2 8.8 122.2 6.0 0.66 
 
20.2 9.1 130.6 6.5 0.68 
8 23.4 1.6 28.9 1.2 0.77 
 
23.4 2.4 37.4 1.6 0.72 
 
23.4 3.0 45.8 2.0 0.67 
 
23.4 3.5 54.3 2.3 0.74 
 
23.4 4.7 62.8 2.7 0.52 
 
23.4 5.1 71.3 3.0 0.52 
 
23.4 5.6 79.8 3.4 0.63 
 
23.4 5.6 88.2 3.8 0.73 
 
23.4 6.8 96.7 4.1 0.70 
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